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ABSTRACT 


This  is  a  report  based  on  a  study  of  infrared  technology  as  it  is 
applicable  to  military  training  problems. 

It  investigates  particularly  the  specific  problems  of  surveillance, 
for  example,  the  observation  of  nighttime  amphibious  training  opera¬ 
tions,  and  training  in  identification,  interpretation,  location,  and 
detection  of  objects. 

These  problems  are  best  covered  by  presentation  of  images; 
therefore,  techniques  used  in  image-forming  and  image -scanning 
systems  are  explored.  As  an  additional  aid  for  the  solution  of  other 
training  problems,  the  fundamentals  of  infrared  technology  are  pre¬ 
sented,  This  is  made  up  of  sections  on  radiation  theory,  target  and 
background  radiation  characteristics,  atmospheric  absorption  effects, 
optical  considerations,  infrared  detectors  and  sensors,  and  methods 
of  data  presentation.  Comparisons  of  the  effects  of  the  characteristics 
of  the  various  spectral  modulators,  such  as  background,  atmosphere, 
optical  components,  and  detectors,  are  presented  in  the  corresponding 
sections.  In  addition,  the  techniques  and  components  of  low -light- level 
television  are  presented  and  compared  to  infrared  techniques  for 
training  purposes  along  with  a  comparison  of  infrared  and  radar.  The 
synthetic  presentation  of  infrared  information  displays  plus  other 
simulation  techniques  are  investigated  as  a  means  of  training  personnel 
in  the  identification  and  interpretation  of  objects.  An  extensive  biblio¬ 
graphy  on  all  phases  of  infrared  technology  is  included  as  an  aid  to  the 
reader  desiring  more  detailed  information, 

Affirmative  conclusions  as  to  the  feasibility  of  the  application  of 
infrared  techniques  to  the  training  considerations  of  surveillance,  and 
to  identification  and  interpretation  of  objects  for  training  have  been 
reached.  It  has  also  been  concluded  that,  television  techniques  are 
feasible  for  infrared  image-forming  in  the  range  from  0.  7  microns  to 
1-2  microns,  as  a  means  of  infrared  information  distribution  and  dis¬ 
play,  and  for  image -forming  at  low  intensity  visible  light  levels. 

Based  on  these  conclusions,  recommendations  are  made  for  further 
investigation  toward  the  development  of  training  equipment  for  the 
training  applications  considered. 
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FOREWORD 


This  report  is  intended  to  provide  guidelines  for  the  exploration 
of  infrared  principles  as  applied  to  training  problems,  and  is  the  first 
of  two  based  on  an  examination  of  the  infrared  technology.  In  recent 
years,  infrared  technology  has  made  its  appearance  in  both  the  military 
and  the  scientific  fields  in  the  form  of  operational  equipment.  From  an 
examination  of  the  principles  involved  in  the  operational  equipments  it 
can  be  presumed  logically  that  these  basic  principles  can  be  used  advan¬ 
tageously  in  training  applications.  The  published  results  of  investiga¬ 
tions  in  infrared,  however,  are  widely  scattered  and  are  often  relatively 
inaccessible  and  expressed  in  highly  technical  language,  understood  only 
by  specialists  in  this  field.  Very  little  attempt  has  been  made  to  date 
to  collect  together  those  leading  principles  which  can  be  regarded  as  suf¬ 
ficiently  established  to  be  used  as  a  guide  to  practice,  particularly  in 
the  training  field,  and  to  state  these  simply  and  as  straightforwardly  as 
possible  and  without  detailed  argument.  It  is  intended  that  this  report 
will  be  a  contribution  in  this  direction. 


The  principle  objective  of  this  report  is  to  publish  the  results  of 
an  investigation  of  the  feasibility  of  utilizing  infrared  techniques  in 
the  solution  of  specific  military  training  problems.  In  order  to  accom¬ 
plish  this,  an  investigation  was  conducted  and  reported  on  in  two  training 
areas.  Firstly,  the  basic  concepts  are  covered  in  a  manner  that  is  not 
only  scientifically  applicable,  but  informative  reading  as  well,  and 
secondly,  the  feasibility  of  utilizing  the  infrared  technique  in  the  solu¬ 
tion  of  the  two  specific  military  training  problems  is  reported  on. 

In  addition  to  the  aforementioned  exposition  of  the  basic  fundamentals 
of  the  technology,  the  two  training  considerations  reported  on  as  related 
to  the  infrared  technology  are: 

1.  Surveillance,  for  example,  the  observation  of  nighttime 
training  maneuvers;  and 

2.  Training  in  the  identification,  interpretation,  location 
and  detection  of  objects. 


In  addition,  an  examination  is  made  on  the  application  of  the  tele¬ 
vision  technique  in  information  forming  and  distribution. 


This  Phase  I  Report  is  a  general  investigation  report.  It  will  be 
followed  by  a  Phase  II  Report  in  which  the  information  gathered  will  be 
reported  in  greater  detail  for  the  specific  applications. 
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1.  INTRODUCTION 


1.  1  Historical  Background 


Infrared  radiation  was  discovered  by  Sir  William  Herschel  in  1800 
by  observing  the  temperature  rise  in  thermometers  placed  in  different 
positions  of  the  sun's  spectrum  dispersed  by  a  glass  prism.  This  dis¬ 
covery  for  many  years  was  only  of  academic  interest.  Industrial  ap¬ 
plications  of  IR  spectrometry  to  chemical  problems  became  widespread 
during  the  two  decades  before  World  War  II.  (For  a  complete  history 
of  the  development  in  the  IR  field  up  to  World  War  II  see  Reference  1 
Chapter  1). 

1-  2  First  Military  Applications 

Military  applications  of  IR  radiation  began  with  World  War  II. 

The  Germans  carried  out  extensive  research  and  development  on  de¬ 
tectors  and  systems  for  the  surveillance  and  interception  of  airborne 
targets  and  IR  guidance.  IR  applications  in  this  country  used  active 
short-wave-length  radiation  in  viewers  such  as  Sniperscope  and 
Snooperscope,  in  signaling  and  communications  systems,  and  in  am¬ 
phibious  landing  beacons.  Development  work  in  the  longer-wavelength 
region  was  done  on  a  limited  scale.  After  the  war,  the  development  of 
much  more  sensitive  photoemissive,  photovoltaic,  photoconductive,  and 
thermal  detectors  opened  up  new  areas  for  exploitation  by  passive  IR 
techniques. 

Infrared  has  been  taking  its  place  beside  well-established  visual 
and  radar  techniques  for  the  search,  detection  and  tracking  of  military 
targets.  With  this  greater  emphasis  on  military  applications  of  IR 
techniques,  the  problem  of  training  military  personnel  in  all  phases  of 
infrared  technology  is  one  of  increasing  importance. 

1.  3  Training  Considerations  -  Report  Concept 


This  report  will  cover  those  phases  of  infrared  technology  appli¬ 
cable  to  military  training  problems.  The  areas  of  particular  interest 
are  surveillance,  for  example,  the  observation  pf  nighttime  training 
maneuvers,  and  identification,  interpretation,  location  and  detection 
of  objects  for  training.  These  problems  are  best  covered  by  presenta¬ 
tion  of  images;  therefore,  techniques  used  in  image -forming  and  image¬ 
scanning  systems  will  be  emphasized.  However,  as  an  additional  aid 
for  the  solution  of  specific  training  problems,  the  fundamentals  of 
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infrared  technology  will  be  presented.  A  brief  section  on  ,.,a- 
theory  is  followed  by  sections  set  im  to  ’  '  011  rad,atl011 

a  source  -  target  or  background  m  ^  1  lo^  radiatlon  emitted  from 
transmission  spectrum  thr  h  odu^a^ed  by  the  atmospheric 

spectrS’SZ s°fsuceh1s  Ztro  TT^  °f  the  ™ious 

optical  components  id  detectors  are  “e^enMintte  c  tranSmi®sion- 
sections.  1  esented  m  the  corresponding 

Synthetic  presentation  of  infrared  information  +  •  • 

identification  and  interpretation  of  objects  is  explored  “S 

exPi0redeanTcompared^toCi^frarednte’hniOW  ^f^*"/eVe*  te*evision  ^re 

A  comparison  of  infrared,  passive  ^aXe,  to 

ioterpfeTa3^;“LCCe?  *  SUrVeUlance  and 

It  is  hoped  that  this  presentation  may  suggest  to  the  rei^ 
thoseTcovered!  ^  ‘-Lng^l^^^L 
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2.  INFRARED  FUNDAMENTALS  AND  MATERIALS 


2.  1  Radiation  Theory 

2.  1.  1  Electromagnetic  Spectrum 

Infrared  radiation  occupies  a  small  portion  of  the  electromagnetic 
spectrum,  which  extends  from  high-energy  cosmic  rays  at  the  high  fre¬ 
quency  end  to  low  energy  radiation  from  commercial  power  lines  at  the 
low  frequency  end.  The  portion  known  as  infrared  lies  between  the 
visible  part  of  the  electromagnetic  spectrum  and  the  upper  end  of  .the 
microwave  region.  There  is  no  sharp  division  between  the  radio  and 
infrared  spectrum;  as  modern  microwave  techniques  push  the  limits 
of  the  radio  spectrum  further  into  the  millimeter  wave  region,  the 
usable  infrared  spectrum  is  being  extended  to  close  the  gap  between. 

2.  1.  2  Infrared  Spectrum 

It  is  customary  to  divide  the  infrared  spectrum  into  three  regions: 

(Figure  1)  Near  infrared  -  0.  75  micron  to  1.  5  micron  (/a) 
Intermediate  infrared  -  1.  5p  to 
Far  infrared  -  8 ju  to  1,  000  p 

A  micron  is  a  wavelength  measure  equal  to  one  millionth  of  a 
meter.  Where  radio  and  radar  specifications  are  given  in 
terms  of  frequency,  infrared  radiation  is  specified  in  terms  of 
wavelength.  The  relationship  between  wavelength  and  frequency 
is  given  by: 

c  =A^ 

C  =  free  space  velocity  of  light  in  meters  per  second 
V  -  frequency  of  radiation  in  cycles  per  second 
X  =  wavelength  in  meters 

The  division  is  arbitrary,  with  the  limits  varying  somewhat  ac¬ 
cording  to  the  person  defining  them.  These  limits  are  widely  used 
since  they  are  closely  related  to  certain  effects  and  problems  that  are 
met  within  the  generation  and  detection  of  infrared  radiation. 

The  most  familiar  effect  of  infrared  is  the  sensation  of  warmth 
produced  by  a  heated  body.  Heat  is  a  form  of  energy,  and  the  physio¬ 
logical  effect  is  the  result  of  absorption  of  energy  from  infrared  radia¬ 
tion. 
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ELECTROMAGNETIC  SPECTRUM  SHOWING  INFRARED  RE.IONI 


Military  interest:  in  infrared,  however,  is  primarily  due  to  the 
fact  that  all  objects  at  temperatures  above  absolute  zero  (-273°C)  emit 
electromagnetic  radiations  whose  wavelengths  are  mostly  in  the  infra¬ 
red  spectrum.  The  relationships  between  the  temperature  of  a  body 
and  the  amount  of  radiated  energy,  and  the  way  in  which  the  energy  is 
distributed  over  the  spectrum  are  of  fundamental  importance  in  the 
discrimination  between  targets  and  background. 

2.  1.  3  Atomic  and  Molecular  Vibrations 


Until  the  middle  of  the  19th  Century,  heat  was  regarded  as  a  fluid, 
and  the  heating  or  cooling  of  a  body  was  attributed  to  the  transfer  of 
this  fluid  to  or  from  the  body.  It  is  now  known  that  heating  a  body  in¬ 
creases  the  energy  of  the  molecules  or  atoms  of  which  the  body  is 
composed,  and  that  this  energy  is  manifested  as  motion.  The  motion 
is  random  in  a  gas,  but  in  a  solid  the  atoms  or  molecules  are  con¬ 
strained  by  the  forces  that  hold  the  solid  together,  so  that  they  execute 
vibrations  about  their  rest  positions.  Accelerated  charges  radiate 
energy  as  electromagnetic  waves,  so  that  the  emission  of  radiant 
energy  by  a  heated  body  is  a  characteristic  of  its  atomic  and  molecular 
structure. 

2.  1.  4  Blackbody  Concept 


If  a  heated  body  can  be  regarded  as  being  made  up  of  many  elec¬ 
tromagnetic  oscillators,  it  should  be  possible  to  calculate  the  energy 
distribution  as  a  function  of  wavelength.  Since  this  distribution  depends 
upon  composition  of  the  body,  simplification  of  the  calculation  is  carried 
out  by  introducing  an  ideal  ’’blackbody",  which  is  defined  as  a  perfect 
absorber  of  all  electromagnetic  wavelengths.  A  blackbody  is  also  the 
perfect  thermal  radiator  at  a  given  surface  temperature;  in  amount  and 
wavelength  distribution,  its  radiation  depends  only  on  its  temperature. 
Although  actual  heat  sources  radiate  somewhat  differently  from  a  black¬ 
body,  the  use  of  this  idealization  is  justified  by  the  fact  that  its  proper¬ 
ties  are  a  close  approximation  to  reality,  and  theoretical  calculations 
may  be  carried  out  that  would  otherwise  be  impossible. 

Almost  ideal  blackbody  characteristics  can  be  obtained  from  com¬ 
mercially  available  blackbody  sources.  Construction  of  simulated  black¬ 
body  sources  are  described  fully  in  the  literature  and  will  not  be  discus¬ 
sed  here.  (Reference  2,  3) 
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in  whi  Jhh!uChar“tfriStiCS  of  bl^kbody  radiation  are  shown  in  Figure  2 

importanfleatur^s'are^ashfft'of^th'  ^  *  fUnCtl™  of  wavelength,  "ita  ’ 

under  the  curve,  wi/h  intea^X  plX"  (the  area 

2.  1.  5  _Early  Theoretical  Radiation  Laws 


me“  -  “  “  tZyV^Zs 


w  = 

A5  c2 

lenBthJhbuuysle™HeanS  Law  agrees  With  exPeriment  at  long  wave- 
lengms,  but  is  greatly  m  error  everywhere  else;  it  leads  in  fart  tn 

the  conclusion  that  the  energy  in  an  enclosure  is  infinite  which  is 
obviously  absurd.  ue»  wnicn  is 

Wien  worked  on  the  problem  from  the  other  end-  trying-  tn  fit  thr 

“Xl  is:*  ^  b“ed  ™ 


W=  £l  x 

A5 


exp 


^2 
A  T 


where  Ci  and  C2  are  constant.  This  fit  the  exnerimpnfaim  ^ 

curves  at  the  short  wavelengths,  but  went  astray  at  the  longer  “ 

2.  L  6  Planck  Law 


Tne  solution  of  the  problem  was  achieved  by  Max  Planck  who 
arrived  a  his  celebrated  formula  by  assuming  that  energy  Is  emitted 
and  absorbed,  not  continuously,  but  in  discrete  packets l  w 
each  of  which  has  an  energy  hV,  where  h  is  Planc  k  con  taut  "  ' 

s  the  radiation  frequency.  Planck's  constant  and  V is  the  radTation 
irequency.  Planck's  equation  in  practical  form  is: 


Cl 

A5- 


X 


exp  (C2/AT)  - 1 
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Spectral  radiant  emittance,  W  ,  (watts/cm2/mlcron) 


Wavelength,  Microns 


Figure  2  -  Spectral  Radiaht  Emittance  Curves  for  Blackbodies 
at  Several  Absolute  Temperatures 
(Showing  Wien  Displacement  Law  line  and  grey- 
body  curve  for  f  =  0.  8  at  1500°K) 
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i  ^  ”!?*  be  S^n  that  thC  Wien's  and  Rayleigh -Jean s'  equations  can 
b  deduced  from  Planck’s  law  by  either  neglecting  the  number  one  in 

relation  to  exp  (C2/AT)  or  expanding  the  exponential  in  a  series  and  neg¬ 
lecting  higher  order  terms.  g 

2- 1-  7  Wien  Displacement  Law 

The  shift  to  shorter  wavelengths  of  the  peak  emission  with  in¬ 
creasing  temperature  is  known  as  the  Wien  Displacement  Law.  This 
can  be  obtained  by  differentiating  Planck’s  formula  after  substituting 
the  numerical  values  of  the  constants:  (Ref.  4) 

„r  3. 740  x  104  1 

W  \  = - - - - - -  x  _ — _ 

A5  /  1.  438  xM  1 

exp  1  ~~ATt —  " 1 

and  setting  the  derivative  equal  to  zero.  Then  A  m  =  2897/T  microns 
(Figuie  2),  By  substituting  K  m  into  Planck's  formula,  the  peak 
spectral  radiant  emittance  is: 

wAm  -  1*  3  x  T8  x  10-15  watt/cm  ^/micron 

The  total  radiant  emittance  from  a  blackbody  can  be  obtained  by 
mtegratmg  WAdA  from  A  =  0  to  A  =  infinity.  The  result,  known  as 
the.  Stefan -Boltzmann  law,  is 


Wa, dA  -  5.  67  x  T4  x  10~1^  watt/cm^ 


Note  that  the  total  emittance  is  proportional  to  the  fourth  power 
ol  the  absolute  temperature  whereas  the  peak  spectral  emittance  is  pro¬ 
portional  to  the  fifth  power  of  the  absolute  temperature. 

2-  !•  8  Numerical  Results  of  Radiation  Laws 

Table  1  gives  the  value  of  the  total  radiant  emittance, W,  for  black- 
body  emission  into  a  hemisphere  (a  solid  angle  of  2*  steradians)  for  the 
temperatures  of  Figure  2. 

:t  1S  interesting  to  note  some  of  the  numerical  results  of  the  various 
radiation  laws.  At  room  temperature,  about  300%  one  square  centi¬ 
meter  of  an  ideal  blackbody  emits  a  total  power  of  .  046  watts  referenced 
-o  a  solute  zero.  For  a  blackbody  whose  temperature  exceeds  that  of  its 
surroundings  by  one  degree  centigrade,  assuming  the  surroundings  to  be 
at  room  temperature,  the  difference  in  emitted  power  is  6  2  x  10 ~4  wattq 
per  square  centimeter.  Much  less  power  will  be  radiated  by  real  bodies 
since  the  Stefan-Boltzmann  law  holds  only  for  the  ideal  blackbody. 
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TABLE  I 


Total  Blackbody  Radiant  Emittance 
PerSq.  Cm.  of  Radiating  Surface 


Temperature,  T 
(°K) 


Total  Emittance,  W 
(watt/cm2) 


300 

0.046 

500 

0.  35 

750 

1.  8 

1000 

5.7 

1500 

29. 

2000 

91. 

3000 

460. 

4000 

1460. 

6000 

7380. 
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given  Jthe  TancTf "  **  ^  mlxiraum  oi  the  “«gy  distribution 

nerature  Thp  f  £°rfmiUa  °CCUrS  18  ab°Ut  10  microns  at  ™om  tem- 
1  ature.  The  energy  from  a  tungsten  filament  lamp  at  average  onera 

micro7Peinrattree  iS  77  7  sli ^  longer^TJ 

cron.  In  the  case  of  the  radiation  from  the  sun,  the  enerev  is 
pea  er  in  the  middle  of  the  visible  region,  at  about  0.  5  microns" 

2-  L  9  Emission  and  Absorption 

i  ,  ,,  Emission  and  absorption  are  complementary  processes  and  a 

the  eat  ^7  l  r^e  of  wavelengths' strong  ywllutt 

he  same  wavelengths.  This  qualitiative  idea  was  first  experiment^  v 
found  and  expressed  by  Kirchoff  in  1858.  He  defined  the  eSvHy  ' 

A"  ’  a;  the  fraction  of  a  monochromatic  beam  of  wavelength  A 
absorbed  by  a  real  body  at  a  temperature  T.  Then,  if  7-  d  A 

a  perf7Wbiarltehod'UhTea  (radlant  emittance)  that  would  be  emitted  by 
power  et  d  A  y  7“  *  7/  +  the  real  will  emit  a  ’ 

mentary  We  can  define  a>  the  absorptance  by  at  =  7/777 
That  is  the  emissive  power  of  a  blackbody  at  temperature  f  Ih£T 
wavelength  A  is  equal  to  the  emittance  at  the  same  wavelength  of  a 
non-blackbody  source  divided  by  the  absorptance  of  that  body  if  it  is 
at  the  same  temperature.  Figure  2  also  shows  this  relationship. 

2.  1. 10  Reflection  and  Transmission  -  ideal 

„an  be  absorbed  and  emitted,  electromagnetic  radiation 

^an  be  reflected  or  transmitted  by  a  medium.  (See  Figure  3). 

a  h  COrn®id!r  the  case  of  a  medium  in  which  absorption  is  negligible 
beam  of  light  is  allowed  to  fall  upon  a  flat  plate  that  has  been  optically 

flectPd6  '  ThS  T  StTikeS  thG  Plate  a  p0rti0n  of  the  beam  is  re¬ 
strict  Jhl!eTndf of  C 6  beam  travels  through  the  Plate  and 

strikes  the  second  surface  where,  again,  a  portion  is  reflected  If 
absorption  in  the  plate  is  negligible,  the  beam  will  continue  to  be  re- 
flected  bacK  and  forth  inside  the  plate.  Although  this  process  will 
theoreticaHy  at  least,  continue  indefinitely,  a  considerable  proportion 

ene  gv  ^  ^  reflection’  and  the  actual  amount  of 

energy  eft  inside  the  plate  is  quickly  reduced  to  anegligible  amount 
In  the  stead  state  condition  there  is;  (Figure  3). 
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1.  The  incident  beam,  I0 

2.  The  reflected  beam,  Ir,  which  is  made  up  of 
the  initial  reflection  plus  a  small  contribution 
from  the  multiple  reflections. 

3.  The  transmitted  beam,  It,  which  is  made  up  of 
the  portion  of  the  beam  that  is  left  after  the  two 
initial  reflections,  plus  a  small  contribution  from 
the  transmissions  from  the  multiple  reflections. 

A  reflection  coefficient,  R,  can  be  defined  for  such  a  non -absorbing 
plate  as  the  fraction  of  the  energy  in  a  beam  of  radiation  that  is  re- 
flected  when  the  beam  strikes  the  plate.  Similarly,  a  transmission 
coefficient  can  be  defined  as  the  fraction  of  the  total  incident  energy 
that  is  finally  transmitted. 

Thus;  R  Ir 

T 

"0 


T  =  il 

In 


It  is  apparent  that,  if  there  is  no  absorption:  R  +  T  =  1 

It  is  more  fundamental  to  define  a  reflection  coefficient,  r,  and  a 
transmission  coefficient,  t,  for  a  single  boundary  surface.  These 
coefficients  are  directly  related  to  the  indices  of  refraction,  n,  of 
the  two  media  that  are  separated  by  the  boundary  surface,  and'  if 
one  of  the  media  is  air,  (n  =  1),  are  given  by  the  Fresnel’ formulas 
assuming  normal  incidence: 


(n-  l)2 
(n  + 1}  2 
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In  terms  of  r,  the  coefficients  for  a  non-absorbing  plate  are: 


1  -  r 
1  +  r 


These  formulas  assume  that  interference  effects  can  be  neglected, 
which  they  normally  can  be  unless  the  plate  is  quite  thin.  The  trans¬ 
mission  and  reflection  coefficients  are  not  constants,  but  vary  with 
wavelength.  Over  restricted  wavelength  ranges,  however,  they  can 
usually  be  taken  as  constant. 

i 

Absorption  Effects  on  Reflection  and  Transmission 

All  real  media  absorb  radiation  to  some  extent  at  all  wavelengths, 
and  all  exhibit  strong  absorption  in  some  wavelength  regions.  Absorp¬ 
tion  is  measured  by  the  linear  absorption  coefficient,  a,  which  is  de¬ 
fined  by: 

Io 

1  -  exp(ad[ 

where  Iq  is  the  initial  intensity,  d  is  the  distance  that  the  beam  of 
radiation  has  traveled  in  the  medium,  and  I  is  the  intensity  that  remains 
after  the  beam  has  traveled  through  d.  For  an  absorbing  plate,  faking 
reflection  losses  into  account  and  neglecting  interference  effects,  we 
have: 


I  -  I0  X  i1  ~  1)2  X  eXP(2Qfd) 

exp  (ad)  (i  _  r2) 


If  the  effects  of  multiple  reflections  can  be  neglected,  as  they  can 
be  except  when  the  absorption  is  very  small,  the  above  relation  simpli¬ 
fies  to 


0  exp(ad) 

Thus,  optical  materials  should  have  a  low  value  of  a  for  the  de- 
sn  ed  spectial  range  and  a  value  of  approaching  unity  everywhere  else. 
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2.  1.  12  Emission  and  Reflection 


The  above  equation  shows,  however,  that  bodies  that  reflect 
strongly,  even  if  good  absorbers,  are  poor  emitters.  This  applies,  for 
example,  to  metals,  particularly  if  the  surface  is  polished.  Metals 
absorb  very  strongly  in  the  visible  and  infrared  but,  when  polished, 
have  reflection  coefficients  not  very  far  from  unity.  However,  if  they 
are  deposited  in  the  form  of  very  small  particles,  they  form  a  surface 
with  poor  reflectivity  and  because  of  their  high  absorption,  or  large 
absorption  coefficient  the  emissivity  from  Kirchoff's  Law  is  nearly 
unity.  Such  a  surface,  therefore,  acts  approximately  as  a  blackbody 
over  a  range  of  wavelengths  for  which  the  reflection  coefficient  is 
small.  This  is  the  basis  of  the  action  of  metallic  "blacks'1.  Again, 
if  repeated  reflections  may  be  made  to  take  place,  the  effective  re¬ 
flection  coefficient  may  be  greatly  reduced  and  use  made  of  the  high 
absorption  coefficient.  This  is  the  basis  of  some  practical  designs 
of  blackbody  radiators. 

In  order  for  a  body  to  be  a  good  emitter  and  approximate  a 
blackbody,  it  must  have  both  a  small  reflection  coefficient  and  a  large 
absorption  coefficient. 

This  was  expressed  by  Kirchoff  as  r  =  1  (The  sum  of  the 
reflection  coefficient  and  the  emissivity  must  be  unity. ) 

2.  1.  13  Emission  -  A  Surface  Phenomenon  Experiment 


The  concepts  of  emission  resulting  from  absorption  and  also  being 
a  surface  phenomenon  can  be  demonstrated  by  a  simple  experiment  as 
follows.  If  a  cylindrical  aluminum  bar  with  a  diffusely  reflecting  sur¬ 
face,  about  2  ft.  long  and  1  in.  diameter,  were  heated  by  placing  each 
end  of  the  bar  on  a  separate  hot  plate,  an  infrared  image  device  would 
display  the  bar  as  a  gray  stripe  on  a  black  background.  Wrap  part  of 
the  bar,  say  about  4  inches  of  it,  with  a  piece  of  asbestos,  and  wrap 
another  section  with  highly  polished  aluminum  foil.  An  infrared  picture 
of  the  wrapped  bar  would  show  the  asbestos  as  a  white  area  on  a  gray 
bar;  the  aluminum  foil  would  appear  almost  black. 

Asbestos,  being  a  good  absorber,  is  also  a  good  emitter  and  thus 
gives  off  more  radiation  than  even  the  bar.  The  aluminum  foil,  being 
highly  reflective,  has  very  poor  emission  and  thus  radiates  very  little. 
The  fact  that  asbestos  is  considered  a  heat  insulator  and  foil  a  good  heat 
conductor  has  no  bearing  on  this  phenomenon  of  emission  since  heat 
conduction  is  a  volume  effect  and  emission  is  a  surface  effect. 
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Table  II  lists  the  emissivities  of  several  well-known  materials. 
Note  the  emissivity  of  asbestos  compared  to  that  of  the  various  metals. 

2.  2  Infrared  Backgrounds  and  Targets 


Radiation  in  the  infrared  region  emanates  from  all  objects 
whether  natural  or  man-made.  For  military -application  purposes 
it  is  useful  to  classify  an  object  as  a  target  or  a  background. 

2.  2.  1  Definition  of  Target  and  Background 


A  target  is  an  object  that  is  to  be  detected,  located  or  identified 
by  means  of  infrared  techniques.  A  background  is  any  distribution  or 
pattern  of  radiant  flux  external  to  the  observing  equipment  that  is  cap¬ 
able  of  interfering  with  this  process.  An  object  may  thus  at  one  time 
be  a  target  and  at  another  time  be  part  of  the  background,  depending 
on  the  intent  of  the  observer.  An  electric  power  generating  plant  is 
part  of  the  background  if  a  tactical  aircraft  is  intent  on  a  ship  moving 
on  a  nearby  river.  To  a  strategic  bomber,  the  generating  plant  is  the 
target;  ship  and  river  are  the  background.  All  terrain  features  are 
of  interest  to  certain  reconnaissance  devices,  such  as  mappers,  and 
hence  are  targets.  However,  information  obtained  by  such  equipment 
is  useful  background  data  to  others. 

2.  2„  2  Sky  Background 


The  sky  constitutes  the  background  for  all  directions  of  view  above 
the  horizon.  It  is  formed  by  the  atmosphere  of  the  earth,  including  haze, 
fog,  clouds,  and  precipitation,  and  by  the  moon,  planets,  and  stars,  in¬ 
cluding  the  sun,  beyond  the  atmosphere.  It  includes  special  sources  of 
radiation  such  as  the  night  airglow  of  oxygen  (O2)  and  nitrogen  (N2)  which 
is  about  six  times  as  bright  as  starlight.  It  also  includes  the  polar 
auroras,  which  are  many  times  brighter  than  starlight  and  of  unknown 
infrared  intensity.  The  atmospheric  emission  bands  of  water  vapor 
(H2O)  and  carbon  dioxide  (CO2)  and  of  the  ozone  (O3)  layer  at  50,  000 
to  90,  000  feet  also  make  up  part  of  the  background. 

2.  2.  3  Daylight  Sky  Radiation 


The  daylight  sky  background  is  composed  of  two  main  parts; 

(1)  Sunlight  scattered  by  air  molecules,  haze,  clouds,  and 
other  particles  makes  up  the  major  part  of  the  radiation 
in  the  visible  and  near  infrared  wavelengths  to  approxi¬ 
mately  three  microns.  The  absorption  bands  of  water 
and  carbon  dioxide  remove  apart  of  the  scattered  radiation 
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TABLE  II 


Approximate  Emissivities  of  Various  Surfaces  (Ref,  6) 


Material 

Temp.  Range  °C 

Emissivity 

Polished  Metals 

Aluminum 

250  to  600 

0.  039  to  0.  057 

Brass 

250  to  400 

0.  033  to  0.  037 

Chromium 

50  to  550 

0.  08  to  0.  26 

Copper 

100 

0.  018 

Iron 

150  to  1000 

0.05  to  0.  37 

Nickel 

20  to  350 

0.  045  to  0.  087 

Zinc 

250  to  350 

0.  045  to  0.  053 

Filaments 

Molybdenum 

750  to  2600 

0.  096  to  0.  29 

Platinum 

30  to  1200 

0.036  to  0.  19 

Tantalum 

1300  to  3000 

0.  19  to  0.  31 

Tungsten 

3  0  to  3300 

0.  032  to  0.  35 

Other  Materials 

Asbestos 

40  to  350 

0.  93  to  0.  95 

Ice  (wet) 

0 

0.97 

Lampblack 

20  to  350 

0.  95 

Rubber  (gray) 

25 

0.  86 
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reaching  the  surface  of  the  earth  but  contribute  only 
weak  self  radiation  because  of  the  low  temperature 
of  the  atmosphere.  Scattered  sunlight  decreases  in 
intensity  on  very  clear  days  and  also  decreases  with 
altitude. 

(2)  Self  radiation  by  the  atmosphere  is  dominant  at  the 

surface  of  the^earth  at  wavelengths  longer  than  three 
microns. 


lhe  distinction  between  the  two  parts  of  the  daylight  sky  is  one 

in  fhiatLVe  lnjeTty’  If  an  infrared  spectrometer  is  aimed  at  any  point 
the  sky  and  intensities  recorded  wavelength  by  wavelength  positive 

“eriont  ab^M  W°UW  ,hr°UghoUt  th*  ^  ™  K 

domfnait  Ah  3  ”lcrons  because  incoming  scattered  sunlight  is  pre¬ 
dominant.  Above  3  microns  the  meter  would  show  a  negative  deflection 

receives8  °  spectrometer  is  radiating  more  energy  to  space  than  it 


Three  factors  contribute  to  this  effect: 

a.  The  solar  intensity  decreases  sharply  with 
increasing  wavelength. 

b.  The  scattering  of  sunlight  by  the  air  molecules 
decreases  sharply  with  increasing  wavelength. 

c.  Beyond  three  microns  the  spectral  intensity  of 
sources  at  atmospheric  temperatures  becomes 
measurable;  the  spectrometer,  being  at  a  higher 
temperature,  loses  more  energy  to  the  atmosphere 
and  interplanetary  space  than  it  gains.  The  loss  is 
greatest,  and  the  greatest  negative  deflection  occurs 
m  regions  where  the  atmosphere  is  most  transparent 
and  where  the  spectral  intensity  of  the  spectrometer 
is  highest;  these  regions  coincide  with  the  8  to  13 
micron  atmospheric  window.  (See  section  on  at¬ 
mospheric  transmission). 


2.2.4  WaterVapor  (HgO)  and  Carbon  Dioxide  (CO?)  Emission 

band  waveleneth  side  of  the  8  to  13  micron  transmission 

renrese^  an  emlSS10n  of  water  vaP°r  in  the  5  to  8  micron  region 
represents  an  incoming  signal  to  detectors  sensitive  in  that  region 

carbon  dToxide  ^  °f  0,6  band’  the  f™damental  band  of  ' 

carbon  dioxide  near  15  microns  emits  strongly.  In  each  of  these  hWe 

very  short,  atmospheric  pathlength  is  sufficient  to  be  opaque-  if  tern 

Pherf  7he  rCes^0nngSchCCl'r  “  ““  f6W  hundred  feet  <*  the  atmos- 
pnere,  the  resulting  change  in  emission  may  be  enough  to  create  a 

wavelengths.1™86  SIgIlal  “  deteCt°rS  Sensitive  “  these  respective 
2*  2.  5  Ozone  Emission 

of  „  ^  9;,6  microns  the  ozone  layer  at  50,  000  to  90  000  feet  absnrhs 

teJn°ng  y|  thus.emittins  Strongly  at  this  wavelength.  Furthermore 
temperatures  m  the  ozone  layer  are  comparable  to  surface  tempera 
tures  At  the  earth's  surface  the  ozone  layer  produces  an  appreciable 
radiation  flux  easily  measurable  by  detectors  pointed  at  the^kv  de 

fromThe  oil  fa”'"  ^  g6t  Uttle  bacl«™und  «>ise 
2-  2.  6  Night  Sky 

self  radiluon  a^dfS  ^  fl?*  °f  SUnUght  are  absent-  The  effects  of 

now 

theX8  to  Ts ’micron  region"^  bel0W  three  “icron8>  and  “ 

2-  2.  7  Ground  Backgrounds 

The  background  for  the  military  observer  on  the  ground  is  com 

roots  °l  Sf?rtUralelement8  SUCh  as  t«es, Shrubbery 
,  d  hills  and  other  variations  in  ground  level.  These  natural 

backgrounds  have  reflection  characteristics  as  well  as  radiation 

emission.  Since  reflection  and  emission  are  both  surface  p^nomena 

the  numeious  variations  in  the  surfaces  of  natural  objects  such  as  ’ 

color  texture  and  movement  (as  in  the  case  of  leaves)  make  for  a  vph; 

noisy  background.  However,  practically  all  of  the  radiatt  enerV  is 

of  relatively  low  temperature,  (around  300OK)  especially  at  night  ^ 

Tius  detection  of  militarily  important  targets  is  facilitated  siifce  thev 

Identification  bv°mpaeleVft-d  temPerature  because  of  a  power  source.' 

high  resoU,tiooysystem  il  ZT^  ^  ™)eSS  a 
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2.2.8  Sea  Backgrounds 


The  temperature  of  a  sea  surface  remains  fairly  constant  on  the 
average  because  of  its  tremendous  mass  (Ref.  7).  However,  because 
of  its  motion,  the  reflectivity  of  any  point  is  constantly  changing.  To 
an  observer  with  infrared  equipment  the  sea  surface  thus  forms  a  very 
noisy  background.  For  detection  purposes,  autocorrelation  techniques, 
taking  advantage  of  the  regularity  of  man-created  effects  such  as  wakes 
of  ships,  can  detect  targets  in  this  randomly  noisy  background.  For 
imaging  purposes,  however,  a  high  resolution  system  is  necessary  to 
permit  identification  of  a  sea  target. 

2-  2-  9  Background  Measuring  Programs 


On  8  and  9  June  1954,  an  infrared  conference  was  held  at  the 
University  of  Michigan.  Information  on  infrared  backgrounds  was  so 
meager  it  was  decided  to  hold  a  conference  devoted  entirely  to  infrared 
backgrounds  and  also  to  form  a  committee  dealing  with  background 
measurements. 

The  Background  Conference  was  held  at  the  Engineering  and 
Researr'1  development  Laboratories  (ERDL)  at  Fort  Belvoir,  Va.  on 
22  Nove.  1954.  At  this  conference  a  group  of  three  members, 
one  from  each  of  the  Military  Departments,  was  appointed  to  consider 
the  selection  of  members  and  the  general  field  of  interest  of  a  Working 
Gioup  on  Infrared  Backgrounds.  The  membership  of  the  WGIRB  is 
composed  of  representatives  of  Defense  Department  research  and 
development  agencies  and  representatives  of  several  of  the  major 
industrial  organizations  concerned  with  infrared.  (For  details  of  this 
organization  and  its  work  see  Ref.  8). 

In  addition,  an  infrared  atmospheric  measuring  program  known 
as  Infrared  Measuring  Program  1956  (IRMP56)  was  carried  out  under 
Wright  Air  Development  Center  (WADC)  sponsorship  to  get  detailed 
information  on  sky  backgrounds  and  atmospheric  transmission.  (Ref.  9). 
The  information  from  these  reports  is  still  in  the  process  of  being 
analyzed  and  correlated.  The  main  result  of  these  studies  has  been  a 
demonstration  of  the  extent  of  the  lack  of  knowledge  of  IR  background' 
and  has  led  to  the  formation  of  other  measuring  programs  which  are 
still  being  carried  out.  These  are  Infrared  Measuring  Program  1958-59 

(IRMP  58-59)  and  Interservice  Radiation  Measuring  Program  1959-60 
(IRMP  59-60). 
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2*  2.  10_Wiener  Spectrum 

harko-r^  c,omParatively  recent  method  of  graphical  presentation  of 

is  in  anaTvsisT  'Sr,CaUed/he  Wlener  sP“trum.  Its  great  usefulness 
is  in  analysis  of  radiation  for  reticle  techniques,  which  greatly  assist 

un*SCrlminatl0n  b8tween  a  small  target  and  a  noisy  background, 
owever  since  reticle  techniques  are  most  useful  in  search  and  track 

to  theSWGmR  air*andigrrnd"t0'air  systems<  the  reader  is  referred 
the  WGIRB  report  and  other  literature  for  further  details  (Ref.  10). 

2.  2.  11  Target  Discrimination 

located  lb°Ve  a  target  is  any  object  that  is  t0  be  detected, 

w  dentlfied  by  means  of  infrared  techniques.  For  image 

"ystemSj  fy  or  a11  the  ^formation  could  conceivably  be  a 
target.  However,  for  surveillance  or  reconnaissance  infrared  systems 
the  targets  are  usually  objects  that  are  man-made.  Thus  the  detection  ’ 
a  target  becomes  a  matter  of  discriminating  between  the  natural 
background  and  the  man-made  objects.  In  IR  scanning  systems  target 
recognition  is  accomplished  by  detection  of  the  difference  between  the 
p  wer  radiated  by  the  target  and  by  its  background.  (Ref.  9).  Figure  4 
shows  the  difference  in  radiant  emittance  (watts/cm2)  below  wavelengths 
T0d=  250dCf0r  Vari°US  tar&et -background  temperature  differences  at  & 

Thus’  at  ordinary  ambient  temperature,  for  a  5°C  temperature  ■ 
difference  between  target  and  background,  below  lOu  there  isPa 
maximum  radiant  emittance  differential  of  about  1.  5  x  10-3  watts  /cm 2 

ladies3 the0dPetec1orand  °ther  l0SSeS’  ^  *  P6rCentage  0f  this  <®ergy' 

2.  2.  12  Methods  of  Describing  Targets 

One  of  the  other  losses  referred  to  above  is  due  to  the  fact  that 
the  target  and  background  radiations  used  to  plot  the  curves  were  as- 
sumed  to  be  blackbody  radiation.  Solid  object  radiations  are  basically 
grey  body  type,  the  olackbody  curve  for  the  temperature  of  the  object  is 
“  "  ”  Plymg  eaCh  p°int  °"  the  Curve "y  the  emissivity  oflhe 
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Radiant  emittance  (W)  In  watts/cm2 
(differential) 


may  be  more^ef^tace^n  applfratSPeCU  nd  by  °ther  meanS’  which 
Polar  diagrams  of  radiant  ’for  eac"  o(l°J  t'™  *  1°  pl°‘ 

object  -  top,  sides,  front  and  rear.  (Figure  Jhe- “pe?.ts.  of‘he  VIewed 
exists  one  or  more  of  these  mav  ho  «i  8  ’e  '  ff  sufficient  symmetry 

presentation  may  be  necessary V ZeT  A  ^ 

ured  by  infrared  nSiome'ters-ttie  outoVi?  radiant  energy  meas“ 
teristics.  Figure  6  was  plotted  \  d°6S  n0t  have  sPectral  charac- 

which  measures  radiation  at  each  inrrIalUeS  °^tained  b?  a  spectrometer, 
the  precision  of  the  instrument  (Note  tT™  °f  Wavelength  depending  on 
vapor  absorption  at  6  microns.)  ^  ^  °  pronounced  effect  of  water 

3  Atmospheric  Phenomena. 

2.  3.  1  Considerations 

and  usltf  role  in  the  design 

infrared  receiver  is  almost  always  modula  ed  hv  th  J  ent  0n  an 
mosphere.  This  atmospheric  medium  ?  uV  the  lntervening  at- 
tinuously  changing:  mixture  nf  o-o  ,.1S  an  lnb°mogeneous  and  con- 

The  important  gases  are  H2O  CO 2  NoanVo^^Th'  ^  S°lld  particles- 
sorb  and  emit  radiation  as  a  func«n,  d  °3‘  TheSe  gases  wiil  ab" 

sent,  the  wavelengths  involved,  and  th°e  totir 

The  prediction  of  scattering  effects  hv  otmno  1 
made  difficult  by  the  fact  that  RaL'  i,tby  atmosPheric  particles  is 

require  knowledge  of  particle  „ fll S  Mle  scatte™S  theories 
electrical  chara^SH^^^f8’  d“SlUes'  shapes.  sizes,  and 
making  up  the  particles  These  n  tUm  depend  011  the  materials 

and  the  theories  cannot  take  all  of  the^actors^nto  ^  "““Z  determined 
many  simplifying  assumptions.  1  CC0Unt>  requiring 

medium  traversed.  Air^seTactors^a^6?  t0  refraction  by  the 
and  refraction;  vary  with  time  and  dishT  Ph°n’  emissioib  scattering, 
The  constant  motion  of  the ^  ataosphere  ®  ^  ^  Path 

scales,  create  these  varia^nnc  i  P  ;  °n  macro -and  microscopic 

meteorological  factors.  Only  on a^st^h^1®  1  Patte™  aS  °ther 
possible.  L  stlcal  basis  are  any  predictions 
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DEWPOINT  TEMP.  =  50°  f. 


Figure  5  -  Radiation  Pattern  of  Jet  Aircraft 


Spoc-al  density  »,  collector  WstU/cm^.^rsdUn/ndc 
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In  spite  of  the  complexity  of  the  problem,  a  tremendous  amount 
of  work  has  been  done  leading  to  an  understanding  of  the  fundamental 
physical  processes  involved.  (Ref.  9,  10,  11,  12,  13,  14).  The  ab¬ 
sorption  and  emission  spectra  of  the  more  important  gasses  are  known 
in  the  regions  of  interest.  Meteorologists  have  compiled  tremendous 
amounts  of  data  on  the  composition  of  the  atmosphere  and  its  variations. 
Theories  of  scattering  and  refraction  have  been  developed  from  this 
data  and  have  been  employed  with  some  success.  Finally,  there  are 
quite  a  few  measurements  of  the  transmittance  at  wavelengths  from  0.7 
microns  to  beyond  15  microns  made  through  real  and  synthetic  atmos¬ 
pheres. 

2.  3.  2  Atmospheric  Absorption  and  Transmission 

Absorption  of  infrared  radiation  by  the  atmosphere  consists 
primarily  of  the  absorption  spectrum  of  the  vibration -rotation  bands 
of  H20  and  C02-  These  bands  are  situated  at  certain  wavelengths  in  the 
spectrum,  and  the  regions  between  the  bands  are  ''windows”  which 
transmit  radiation  with  very  little  attenuation.  As  a  first  approxima¬ 
tion,  Figure  7,  shows  the  absorption  regions  and  windows  associated 
with  atmospheric  transmission. 

Under  low  resolution  the  absorption  curves  look  smooth,  but 
higher  resolution  shows  each  band  to  be  made  up  of  many  small  absorp¬ 
tion  lines  (Figure  8)  (Ref.  11). 

Absorption  of  monochromatic  radiation  follows  the  usual  expon¬ 
ential  law;  from  which 

l_  =  1 

I0  exp  (aw) 

in  which  l/l0  is  the  fraction  of  radiation  transmitted  through  distance  w 
and  a  is  the  absorption  coefficient.  The  value  of  a  at  any  wavelength 
depends  on  the  amount  of  water  vapor  and  carbon  dioxide  in  the  path 
length,  w,  and  on  the  atmospheric  pressure.  Calculations  based  on  the 
above  equation  require  the  spectrum  to  be  broken  up  into  extremely 
short  intervals  of  one  Angstrom  (10-4  microns)  0r  less,  and  the  amount 
of  labor  required  is  not  justified  because  of  the  variations  in  the  water 
vapor  content.  Furthermore,  the  values  of  a  are  not  well  enough  known 
at  each  wavelength  to  warrant  this  kind  of  computation. 
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Figure  7  - 


The  windows  and  absorptio 
of  the  atmosphere 


n  regions 
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equallfSnaacSedra(nrtf;f 12)  f0™  “  for  absorPti(m  lines  which  are 

an  errLTn^ion  lawSed  bf  ^  0,6  fraCti°na‘  abS°rpti°" 


A  =  erf  |  (ttw)1/4 


where  A  is  the  absorbed  fraction  after  traversing  a  path  length  w  and 
0  18  the  error -function  absorption  coefficient.  ^  ’  and 

The  error  function  is  defined  by 


erf(x)  =  \ 


*0J  exp(t2) 


this  value  is  tabulated  in  various  mathematical  handbooks  (Ref.  13). 

2.  3.  3  Effect  of  Water  Vapor  (H2O) 

For  application  to  absorption  by  water  vannr  nofu  1 

is  usually  given  in  terms  of precipitable  water  in  the  totM  pathrf radii- 

the  ahtoiPtrahtlCea  W’  IS  obtained  from  meteorological  observations  of 

ItZL  Zi:?’  WhiChmUSt  frequently  be  C0“Puted  from  actu^ 
observations  of  the  temperature  and  relative  humidity. 

T/le  assumptions  involved  in  the  error  function  law  are  not  strirtlv 

t0  8pectral  Parties  of  the  water  molecule.  The  Ohio  Y 
State  University  Research  Foundation  found  that  values  of  atmosnherir 
absorption  by  water  vapor  lie  between  those  predicted  by  the  exnonential 
law  and  those  found  by  the  error  function.  However,  the  actual  devia 
ons  from  the  values  predicted  by  the  error -function  are  sSer 
the  uncertainties  in  the  meteorological  data,  and  the  error-function 
law  has  found  wide  acceptance.  Much  work  has  been  done  on  theater 
vapor  absorption  coefficient  8  (Ref  14^  and  f  ^er 

“  ;;s“:  rcsr - » • » »— »  “ « 
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Visible  v  w  *»■  u  5.  0  6. 0  7. 0 

Wavelength  (Microns) 

Figure  9  -  Atmospheric  Transmittance,  H2O  Vapor,  Sea  Level  -  W  =  Precipitable  W'ater  Vapor 


2*  3.  4  Effect  of  Carbon  Dioxide  (CQ2) 

0  -^e  Principal  absorption  bands  of  carbon  dioxide  are  at  1.  4,  1.  6, 

41  *  0,  2.  7,  4.  3,  4.  9,  5.  2  and  15  microns.  See  Figure  10.  The  work 
of  many  investigators  in  this  field  has  verified  the  predicted  trans¬ 
mission  in  most  regions  (Ref.  16).  One  of  the  largest  discrepancies 
was  near  4.  5  microns  where  data  did  not  predict  as  much  absorption 
as  was  actually  found.  Since  this  is  precisely  the  region  where  hot 
C02  radiates,  it  is  important  to  understand  the  reason  for  the  dis- 
crepancy  The  poor  agreement  is  due  to  the  fact  that  nitrous  oxide 
(N2°),  although  only  a  very  minor  constituent  of  the  atmosphere,  0.  5 

parts  per  million  (ppm)  has  a  very  strong  fundamental  absorption  band 
at  4.  5  microns. 


2.  3.  5  Scattering 


Scattering  of  infrared  radiation  by  solid  particles  depends,  as 
mentioned  previously,  on  the  number  of  particles,  size,  shape,  etc. 
Studies  of  suspended  particles  have  shown  they  consist  of  dust  (with  no 
growth  in  size  due  to  water),  having  diameters  of  about  0. 1  to  10  microns 
and-  condensation  nuclei  10  3  to  1  micron  diameters.  Distributions  of 
condensation  nuclei  have  been  found  as  shown  below: 


In  cities 
In  small  towns 
In  the  country 
In  mountains 
and  forests 


150,  000  particles/cc 
50,  000  particles/cc 
10,  000  particles/cc 


1,  000  particles/cc 


2-  3-  6  Atmospheric  Penetration  •-  IR  vs.  Visible 


In  general,  scattering  of  radiation  is  accomplished  by  particles 
equal  to  or  greater  than  wavelength.  Dust  particles  scatter  radiation 
up  to  10  microns  in  wavelength  while  the  smaller  particles  only  affect 
the  near  infrared.  Thus  infrared  radiation  has  greater  penetrating 
power  through  haze  and  fog  than  visible  light,  with  the  longer  wavelengths 
being  more  effective.  For  infrared  observations  over  sea  surfaces  the 
layer  of  water  vapor  makes  it  necessary  to  use  these  longer  wavelengths 
to  obtain  any  appreciable  range.  Atmospheric  absorption  effects  further 
re  uce  the  useful  spectral  region  to  the  8  ,to  13  micron  window. 
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2.  4  Optical  Systems 


2.  4.  1  General  Considerations 

In  order  to  obtain  sufficient  infrared  energy  at  the  detector  it  is 
necessary  to  employ  an  optical  system  to  collect  the  radiation  and 
focus  it  on  the  cell.  By  analogy  with  radio  systems  the  optical  element 
of  an  infrared  receiving  or  transmitting  system  corresponds  to  the 
antenna  of  the  former.  The  energy  pickup  and  directional  characteris¬ 
tics  are  dependent  upon  the  type  of  optical  system  selected. 

Optical  arrangements  for  infrared  systems  are  usually  adopted 
from  those  developed  in  the  field  of  visual  optics  and  optical  engineering. 
Several  suitable  optical  systems  are  those  that  are  used  in  telescopes. 
While  all  optical  arrangements  are  basically  image -forming  this  pro¬ 
perty  is  not  a  requisite  for  infrared  systems,  which  may  be  divided  in¬ 
to  image -forming  and  non -image  forming  classes.  The  classification 
depends  upon  whether  the  output  of  the  system  is  to  produce  an  image 
of  the  target  or  simply  some  response  dependent  upon  one  or  more 
characteristics  of  the  target.  Many  infrared  systems  fall  into  the  non¬ 
image  forming  category..  These  include  guidance  systems,  tracking, 
search,  fuzing,  etc.  Image -forming  systems  either  build  up  the  image 
by  scanning  small  areas,  somewhat  similar  .to  television,  or  form  the 
entire  image  at  one  time  as  an  ordinary  camera  does. 

The  following  discussion  will  be  limited  to  those  optical  systems 
most  suitable  for  the  applications  under  consideration,  such  as  the 
surveillance  systems  and  systems  for  training  in  identification  and 
interpretation  which  fall  in  the  image -forming  category. 

2.  4.  2  Optical  Considerations 


The  selection  of  an  optimum  optical  configuration  for  an  infrared 
system  depends  upon  a  number  of  factors: 

1.  Physical  or  mechanical  size 

2.  Relative  Aperture  -  f/number 

3.  Angular  field  of  view 

4.  Spectral  or  wavelength  response 

5.  Reflective  or  refractive  optics 

6.  Aberrations 

From  the  infrared  system  designer’s  viewpoint,  the  optical 
system  may  be  regarded  as  a  specialized  component  in  much  the  same 
way  that  an  electronic  system  designer  would  regard  a  special  electron 
tube.  However,  in  order  to  properly  select  and  use  an  optical  system, 
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the  designer  must  understand  certain  optical  fundamentals.  (For 
detailed  discussion  of  optics,  the  reader  is  referred  to  any  good 
optical  text-book.  Ref.  17,  18). 

2.  4.  3  Reflective  and  Refractive  Considerations 

The  elements  in  an  optical  system  are  either  reflective,  refrac¬ 
tive  or  a  combination  of  both.  Because  of  the  chromatic  aberrations 
inherent  in  refractive  systems,  caused  by  the  changing  index  of  re¬ 
fraction  with  wavelengths,  reflective  optical  systems  should  be  most 
suitable  for  imaging  purposes,  especially  for  infrared  systems.  Other 
aberrations,  such  as  spherical  aberration  coma,  astigmatism  require 
some  combination  of  refractive  and  reflective  elements  for  best  image 
quality. 

2.  4.  4  Relative  Aperture  -  f /number 


One  of  the  most  important  optical  parameters  is  the  relative 
aperture  or  f/number  which  is  determined  by  the  ratio  of  the  focal 
length  to  the  effective  diameter  of  the  optical  system.  An  f/4.  5  optical 
system  means  the  focal  length  is  4.  5  times  the  effective  diameter.  It 
is  a  measure  of  the  radiation -gathering  capability  of  the  optical  system; 
the  smaller  the  f/number,  the  larger  the  effective  area  for  a  given 
focal  length,  and  the  greater  the  image  brightness  will  be.  f/number 
is  sometimes  referred  to  as  the  speed  since  the  time  needed  to  get  the 
same  image  brightness  is  inversely  proportional  to  the  square  of  the 
f/number.  For  imaging  systems,  a  low  f/number  would  be  desirable; 
however,  the  larger  diameters  associated  with  low  f/numbers  usually 
introduce  more  aberrations  resulting  in  a  decreased  image  quality. 

2.  4.  5  Field  of  View 

The  field  of  view  is  a  measure  of  the  number  of  point  sources 
that  can  be  collected  by  the  optical  system  in  any  instant.  A  wide 
angular  field  of  view  may  be  a  desirable  feature  for  imaging  in  some 
instances;  however,  the  combination  of  wide  angle  and  low  f/number 
is  difficult  to  achieve  since  the  effects  of  the  aberrations  become  more 
pronounced.  Thus,  angular  field  of  view  and  f/number  must  be  juggled 
in  accordance  with  the  requirements  of  the  overall  IR  system.  At 
present  many  systems  use  a  small  angular  instantaneous  field  of  view 
and  low  f/number;  a  desired  resultant  wide  angle  may  be  obtained  by 
some  means  of  scanning  this  small  field  over  the  wider  angle. 
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2.  4.  6  Aberrations  -  definition 


Dredir-Hnnf  atT?S  are  departures  of  the  actual  images  from  theoretical 
predictions.  These  are  not  caused  by  defects  in  the  lens,  but  are  con¬ 
sequences  of  the  laws  of  reflection  and  refraction. 

2.  4.7  Chromatic  Aberration 


of  thP  71  G  /  f  o°  a  nS  iS  a  function  of  the  index  of  ^fraction 
J  1  i  1]'iate1riaL  Slnce  the  index  of  refraction  varies  with  wave 
length,  the  focal  length  is  different  for  different  colors.  Thus,  a  single 
lens  forms  a  series  of  images  at  varying  distances  from  the  lens  and 
of  varying  sizes  Longitudinal  or  axial  chromatic  aberration  is  varia- 
on  of  image  distance  and  lateral  chromatic  aberration  refers  to  varia¬ 
tion  of  image  size.  An  exaggerated  illustration  is  Figure  11. 

This  is  one  of  the  major  problems  in  a  refractive  imaging  system 
since  the  spectral  regions  of  interest  are  many  times  greater  than  the 
visible  spectrum.  Correction  requires  use  of  two  different  materials 
or  two  lenses  of  same  material  separated  by  an  air  space.  A  reflective 
system  avoids  this  problem  completely. 

2.  4.  8  Spherical  Aberration 


Spherical  aberration  is  due  to  the  fact  that  parallel  rays  incident 
on  a  spherical  surface  are  not  reflected  or  refracted  to  the  same  focal 
point,  on  that  radius  of  the  surface  which  is  parallel  with  the  incident 
rays;  especially  if  the  diameter  of  the  surface  is  relatively  large.  Bv 
proper  choice  of  radii  of  curvature  of  the  surfaces  and  of  distances 
between  surfaces,  spherical  aberration  may  be  reduced  to  a  minimum. 
In  reflective  systems,  figuring  to  a  paraboloid  will  eliminate  spherical 
aberration,  or  corrector  plates  such  as  the  Schmidt  or  Maksutov 
Correctors  may  be  used.  (Figure  12). 


Spherical  aberration  results  in  a  circular  image  for  a  point  sourc 
This  is  called  the  circle  of  confusion  and  is  present  to  some  degree  in 
all  optical  systems  using  spherical  surfaces. 


Aspherical  surfaces  such  as  the  paraboloid  referred  to  above 
be  a  means  of  eliminating  the  problem.  The  creation  of  aspherical 
faces,  however,  is  a  very  costly  and  time-consuming  procedure. 
Spherical  surfaces,  on  the  other  hand,  can  be  produced  cheaply  and 

quickly  by  machines.  Thus,  the  cost  involved  must  be  considered  in 
arriving  at  a  final  design. 


would 

sur- 
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a.  Measure  of  axial  chromatic  aberration 

b.  Measure  of  lateral  chromatic  aberration 


Figure  11  -  Chromatic  Aberration 
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(□ ) 

Effect  of  Spherical 
Aberration 


(  b) 

Minimizing  Spherical 
Aberration 


Figure  12  -  Spherical  Aberration 


(c) 

Schmidt  Corrector  Plate  for  Minimizing 
Spherical  aberration  of  a  mirror 
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2.  4.  9  Coma 


This  aberration  affects  image  points  off  the  optical  axis  and  is  one 
of  the  factors  limiting  angular  field  of  view.  Figure  13  best  illustrates 
this  aberration.  It  will  be  noted  that  the  rays  through  the  marginal  zone 
come  to  a  focus  at  a  different  point  in  the  image  plane  from  the  focus  of 
rays  passing  through  and  near  the  center  of  the  lens.  This  effect  is 
true  also  of  reflective  optics,  especially  so  of  paraboloidal  mirrors 
where  an  off-axis  condition  of  more  than  half  degree  can  produce  an 
unrecognizable  image. 

Comatic  aberrations  can  be  minimized  for  a  one  element  lens  by 
using  two  different  radii  of  curvature.  A  higher  order  of  correction 
can  be  obtained  by  using  more  than  one  element.  In  some  cases  it  is 
possible  to  minimize  coma  and  spherical  aberration  at  the  same  time 
by  proper  choice  of  surfaces. 

2.  4. 10  Astigmatism 

This  can  be  described  as  a  special  form  of  coma.  Where  coma 
results  in  spreading  the  image  of  a  point  over  a  plane  perpendicular  to 
the  optical  axis,  astigmatism  spreads  the  image  along  the  axis.  Figure 
14  best  illustrates  the  effects  of  astigmatism.  The  circles  of  the  top 
part  marked  "no  astigmatism  present"  represent  the  cross-section 
of  the  bundle  of  light  rays.  The  astigmatism  illustrated  in  the  lower 
part  is  the  distortion  of  these  circles  into  elliptical  patterns  with  the 
rays  passing  through  two  short  lines  perpendicular  to  each  other  at 
points  B  and  C.  Point  D  is  the  circle  of  least  confusion.  In  this  plane 
the  most  satisfactory  image  is  obtained.  A  lens  constructed  with 
ordinary  care  will  not  show  any  astigmatism  for  a  point  on  the  optical 
axis  of  the  lens,  but  only  for  points  off  the  axis. 

2.  4.  11  Minimizing  Aberrations 

These  aberrations  and  others  (such  as  curvature  of  field  and  dis¬ 
tortions)  cannot  all  be  eliminated  from  a  single  lens.  Compound  lenses, 
by  balancing  one  aberration  against  another,  can  eliminate  or  reduce 
aberration  effects.  Combination  reflective  -  refractive  systems  are 
also  effective.  However,  the  more  elements  an  optical  system  has, 
the  greater  the  cost;  also,  refractive  elements  cause  some  radiation 
loss  through  absorption  and  reflection.  The  infrared  designer  must 
juggle  his  optical  materials  and  components  to  come  up  with  the  best 
system  for  the  least  cost. 

Table  III  lists  the  various  aberrations  and  their  variations  with 
image  height,  h,  and  aperture  size,  y.  (Ref.  18). 
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a.  Focus  of  off-axis  object 


Figure  13  -  Comatic  Aberrations 


b.  Comatic  image  formed  by  cone  of  rays  through 
each  zone  of  the  lens. 
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A 


A  -  Image  of  a  point  -  no  astigmatism  present 


B  -  Cross-section  of  rays  forming  astigmatic  image  of 

a  point. 


Figure  14  -  Astigmatism 
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TABLE  JJI 

Effect  on  Aberrations  with  Changes  in 
Image  Height  and/or  Aperture* 


Variation  with 

Variation  with 

Image  Height,  h 

Aperture,  y 

Spherical  Aberration 

Coma 

Independent 

y2 

Astigmatism  (difference  in  focus) 
Length  of  Astigmatic  Focal  Lines) 

h 

h2 

h2 

y2 

Independent 

V  * 

Petzval  Curvature 

Distortion 

Longitudinal  Chromatic  Aberration 
Lateral  Chromatic  Aberration 

h2 

h3 

Independent 

Ji 

J 

Independent 
Independent  ‘ 
Independent 
Independent 

2.  5  Optical  Materials 


2.  5. 1  Infrared  Use 

Optical  materials  are  used  in  infrared  instruments  of  two  rather 
distinct  types,  and  different  specifications  are  imposed  upon  the  ma¬ 
terials  by  the  two  types  of  usage.  The  first  is  laboratory  use  of  optical, 
materials,  chiefly  as  spectrometer  prisms  and  as  windows  for  spectro¬ 
photometer  absorption  cells.  The  second  is  the  so-called  ''field  use”; 
military  instruments  lie  chiefly  in  this  category.  The  specifications 
imposed  upon  optical  elements  for  field  use  are  obviously  much  more 
severe  than  for  laboratory  use.  Only  field  use  will  be  discussed  since 
the  scientific  literature  contains  information  relating  to  materials  for 
laboratory  use. 

2.  5.  2  Outside  Uses 


From  the  practical  point  of  view,  one  can  differentiate  between 
"inside”  and  "outside"  uses.  Outside  use  refers  to  the  employment  • 
of  an  optical  material  to  seal  a  system,  such  as  an  entrance  window. 
Such  a  sealing  window  may  be  flat,  as  in  some  scanning  equipments  or 
in  radiometer  devices  of  the  type  made  by  Barnes  Engineering  Company 
and  Servo  Corporation  of  America.  In  missile  guidance  devices  and 
the  like,  the  window  is  curved,  ordinarily  hemispherical,  and  then  it 
is  often  called  an  "irdome”,  Windows  used  in  outside  applications  must 
possess  suitable  elastic,  thermal,  and  chemical  properties  as  well  as 
adequate  hardness,  abrasion  resistance,  etc.  Their  melting  points 
must  be  appropriately  high;  their  thermal  conductivities  and  thermal 
expansions  should  be  optimal  for  the  design  use;  they  should  not  be 
water  soluble  to  any  extent,  etc.  Equipments  used  by  the  ground 
forces  are  more  likely  to  encounter  rain  and  sand  erosion,  whereas 
irdomes  on  guided  missiles  must  have  high  melting  points  because  of 
the  high  temperatures  resulting  from  the  supersonic  speeds  at  which 
they  travel.  Adequate  resistance  to  mechanical  and  thermal  shock  is 
also  important.  Other  practical  considerations  are  the  maximum  size, 
which  is  a  real  limiting  factor  for  certain  materials;  cost  of  grinding 
and  polishing  finished  components;  and  reproducibility.  Satisfactory 
sealing  windows,  either  flat  or  curved,  can  be  of  plastic  that  is  sup¬ 
ported  by  a  wire  mesh  or  spider  backing  to  give  adequate  strength. 
Segmented  windows  can  sometimes  be  employed,  relaxing  the  slab-size 
requirement  on  the  crystalline  or  glass  material. 
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2.5.3  Re-emission 


that  nffh  ^n®ver  an  °P^ical  element  is  at  a  temperature  different  from 

TuLVu,  >  >  ^  Pr°blem  °f  re-eraission  must  be  considered. 

to  the  Lhavi  tCfd  in  igUre  15>  WhiCh  rePresents  an  approximation 
ftj}®  behavior  of  many  good  optical  materials.  If  the  material  is  per- 

th  /  transParent  (as  indicated  by  the  region  marked  "T")  throughout 
the  detector  s  wavelength  range  of  sensitivity,  then  there  will  be^o 
net  interchange  of  radiant  energy  between  the  two  components  for  the 
only  losses  are  those  of  reflection,  marked  MRM.  If  however  the 
materia^  has  an  absorption  region,’  as  indicated  by  to 

emit  r  J k  ltS  emisslvlty  m  this  interval  is  not  zero  and  it  will 

em  t  radiant  energy.  Some  of  the  radiant  energy  may  reach  the  de¬ 
tector  and  cause  a  false  signal,  an  increase  in  noise,  or  (in  extreme 
cases)  a  saturation  of  the  detector.  The  pure  single  crystals  have 
very  nearly  perfect  internal  transmittance,  except  near  their  cut-off 
wavelengths.  Thus,  re -emission  should  not  be  a  problem  as  long  as 
the  window  s  high -transmission  region  extends  beyond  the  spectral 
response  region  of  the  detector.  Most  glasses,  however,  exhibit  ab- 

pected°n  m  WatGr  2‘  7  t0  2-  9/i’  Where  re-emission  ^  ex- 


2.  5.  4  Inside  Uses 


Optical  elements  used  inside  an  equipment  are  not  subjected  to 
as  rigorous  environmental  factors  as  some  of  those  just  indicated. 

owever,  the  location  of  the  melting  or  softening  point  is  important, 
as  are  such  practical  properties  as  thermal  expansion,  vibration  re¬ 
sistance,  and  resistance  to  cold  flow.  One  inside  use  of  an  optical 
element  of  the  refractive  type  is  as  a  corrector  plate,  necessary  to 
reduce  the  spherical  aberration  and  coma  of  a  purely-reflecting  optical 
system  such  as  the  popular  Cassegrain  type  of  telescope.  A  material 
of  good  optical  quality  is  necessary;  often  it  must  be  available  in  rather 
large  pieces  because  the  plate  may  determine  the  entrance  pupil-  it 
must  be  readily  ground  and  polished  to  an  optical  surface  which  may  not 
be  plane  or  spherical  but  a  more  complicated  figure.  Sometimes  the 
corrector  plate  serves  as  the  outside  window,  then  the  above  noted 
specification  for  atmospheric  effects  applies. 

2-  5.  5  Prism  Material  Considerations 


A  prism  system  consisting  of  two  or  more  wedges,  which  may  be 
stationary  or  rotating,  may  be  employed  in  a  scanner.  The  purpose  of 
these  pnsms  is  to  deviate  or  redirect  the  radiation  path  to  provide  a 
scanning  motion  giving  deviation  without  dispersion.  A  high  index  of 
refraction  material  may  be  selected  for  this  application,  since  it  keeps 
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Wavelength 


Transmission  and  absorption  of  window 
material,  illustrated  schematically 
(Ref.  19) 
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the  wedge  angle  small  and  hence  the  size  and  weight  of  the  prisms  at  a 
minimum  of  particular  importance  for  rotating  parts;  and  it  also  keeps 
the  absorption  losses  in  the  wedge  low. 

2-  5.  6  Lens  Material  Considerations 

j.  ,Lensef1  have  not  been  used  very  widely  in  infrared  instruments  as 
radiation  collectors  because  of  the  emphasis  on  reflecting  optics-  the 

llfion  nFiPlfiemS  haVH  the  Vantage  of  freedom  from  chromatic  aber- 
ation.  Field  lenses,  though  ,  are  often  used  behind  a  reticle  to' image 

an  entrance  pupil  on  the  sensitive  surface  of  the  detector.  High-index 
materials  like  germanium  are  used  in  this  application  because  a  thin 
ns  is  needed  and  a  very  compact  system  can  be  made. 

2.  5.  7  "Immersion  Optics”  Properties 

The  use  of  optical  materials  in  so-called  immersion  optics  for 
detectors  is  a  particularly  attractive  application  in  the  latest  instru¬ 
ment  designs.  For  several  reasons  it  is  often  necessary  to  use  the 
smallest  detector  possible  in  a  system.  A  simple  means  of  obtaining 
s  goal  is  ihe  use  of  immersion  techniques  that  are  similar  to  the 

rficroFsc°Pe  objectives.  By  depositing  or  attaching 
he  detector  onto  a  flat  surface  which  is  the  base  of  a  hemisphere  or 
h^er -hemisphere  of  a  material  having  a  high  refractive  index,  the  in¬ 
cident  radiation  is  concentrated  on  a  cell  of  very  small  area.  Figure  16. 
The  linear  demagnification  can  be  determined  from  the  equations  for  a 
single  refracting  surface,  and  is  proportional  to  the  index  of  refraction. 
The  area  reduction  is  related  to  the  square  of  the  index.  Lead  sulfide 
detectors  have  been  deposited  directly  on  the  flat  surface  of  immersion 
lenses  made  of  titanium  dioxide  or  strontium  titanate.  Immersion 
optics  have  been  recently  used  with  bolometers  using  germanium  as 
the  lens  material;  mosaics  have  been  made  of  many  very  small  ther¬ 
mistors  each  immersed  in  its  own  immersion  lens. 

The  properties  desirable  in  an  immersion  lens  are  required 
transmission  region,  low  electrical  conductivity,  high  dielectric 
strength,  and  relatively  high  refractive  index  so  that  the  optical  gain 
is  reasonably  large.  It  is  necessary  that  the  lens  material  match  the 
detector  m  thermal  expansion  so  that  the  interface  remains  stable. 

is  also  possible  to  use  the  immersion  lens  as  a  heat  sink  for  thermal 
detectors;  m  this  case  high  specific  heat  and  high  thermal  conductivity 
are  desirable.  Since  the  refractive  index  is  large,  an  anti -reflection7 
coating  is  a  critical  part  of  the  design.  Particular  care  must  be  taken 
to  insure  that  even  otf-axis  oblique  rays  are  properly  handled  by  this 

l^ns  surface.  ^  ^  ^  ^  interaally  reflected  at  the  detector- 
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Infrared 


Figure  16  ~  Image  Reduction  by  Immersion  Optic 

(Ref.  25) 


2-  5.  8  Filter  Material  Considerations 

Optical  materials  are  also  used  as  filters  of  the  cut-off  or  cut-on 
types  Because  of  the  sharp  cut-on  of  germanium  at  1.  8 p,  germanium 

fn.-ma*lelf  meftS  m;ly  not  °"ly  serve  as  focussing  optics  but  also  per- 

T  f°  a  CUt,"0n  filter'  eUminat“g  ‘he  shorter  wavelengths 

^  t  ,r  f1™  18  large-  M  there  are  ordinary  Blass  clients 
optical  system,  then  there  is  a  long  wavelength  cut-off  at  about 

2.  8p  or  less  which  may  be  useful  in  eliminating  much  of  the  atmos¬ 
pheric  radiation  at  the  longer  wavelengths.  Some  of  the  single  crystals 
have  been  used  as  cut-off  filters,  since  they  drop  in  transmission 
arply  at  their  long-wavelength  transmission  limits.  However  the 
more  common  use  is  as  cut-on  filters,  known  as  long  wavelength 

pass  filters,  which  are  especially  useful  in  reducing  reflected  and 
scattered  sunlight  effects. 

2-  5.  9  Reflection-loss  Considerations 

An  undesirable  result  of  high  refractive  index  is  the  large  reflec¬ 
tion  loss  For  ordinary  glass,  of  refractive  index  1.  5,  the  reflection 

*hS+SQD07°u 1  4^°‘  T!™S  the  external  transmittance  of  a  glass  plate  is 
about  92%  because  of  reflection  losses  at  the  two  surfaces,  neglecting 

any  absorption  loss  within  the  glass.  The  reflection  loss  ^er  surface 
r>r  a  material  of  refractive  index  4,  such  as  germanium,  is  36%. 
Therefore  a  simple  germanium  lens  or  filter  will  have  a  total  reflection 
loss  for  me  two  surfaces  of  more  than  50%,  which  means  that  over  half 
the  energy  is  reflected  out  of  the  beam  and  unavailable.  A  partial  solu¬ 
tion  is  the  use  of  reflection -reducing  coatings.  But  the  correction  is 
va  id  only  for  a  single  wavelength  and  the  reduction  is  efficient  over 
only  a  small  wavelength  band,  perhaps  not  over  the  entire  region  of 
interest.  Even  multilayer  films  are  not  altogether  satisfactory. 

2.  5.  10  Material  Development 

Thf  earJy  workers  m  had  only  a-  few  natural  crystals  such  as 
quartz,  fluorite  and  rock  salt  that  they  could  use.  Developments  made 
m  growing  single  crystals,  particularly  during  the  World  War  II  years 
resulted  m  the  commercial  availability  of  a  number  of  new  materials  ’ 
such  as  silver  chloride,  synthetic  lithium  fluoride  and  calcium  fluoride 
and  also  some  new  synthetic  mixed  crystals  of  which  KRS-5  is  a  good  ’ 
example.  charge  single  crystals  of  synthetic  sapphire,  spinel  and 
rutile  were  grown.  Research  in  solid-state  physics  developed  highly 
pure  and  rather  large  pieces  of  germanium,  silicon  and  other  semi¬ 
conductors  which  also  have  considerable  use  as  optical  materials. 

Tnere  has  recently  been  a  rapid  growth  in  the  availability  of  interne - 
tallic  single  crystals  of  the  so-called  three-five  and  two-six  types  making 
them  contenders  for  optical  instrumentation  application. 
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2.  5.  11  Glasses  and  Plastics 


New  glasses  have  been  developed  during  the  last  few  years. 
Arsenic  trisulfide  is  an  outstanding  example.  Calcium  aluminate  is 
a  new  glass  that  extends  into  the  intermediate  IR  region.  Plastics  are 
not  as  generally  used  as  are  glasses  and  crystals;  however,  those  that 
transmit  in  wavelengths  of  military  interest  are  sure  to  be  valuable. 

2.  5.  12  Spectral  Transmission  Regions 

Perhaps  the  most  important  single  property  of  an  optical  material 
is  its  transmission  range.  These  ranges  are  presented  in  Figure  17  in 
order  of  increasing  long  wavelength  limit.  The  transmission  limits  are 
chosen  on  the  basis  of  10%  external  transmittance  for  a  sample  2  mm 
thick.  The  limit  cannot  be  defined  rigorously  for  some  materials, 
especially  semiconductors,  since,  for  them,  the  state  of  purity  and, 
in  some  cases,  crystal  orientation,  should  also  be  specified.  The  limits 
indicated  can  be  used  as  a  general  guide,  however, 

2-  5*  !3  Long  Wavelength  or  Thermal  Region 

The  region  from  8  to  1 3 /j.  is  the  most  critical  as  far  as  satisfac¬ 
tory  optical  materials  are  concerned.  Windows  can  be  fabricated  of 
rock  salt  (NaCl),  potassium  bromide  (KBr),  and  others,  but  these 
’’conventional"  materials  are  generally  water  soluble.  Silver  chloride 
(AgCl)  can  withstand  moisture  and  even  solarization  if  pure  enough 
and  properly  coated  for  protection,  but  its  homogeneity  leaves  some¬ 
thing  to  be  desired,  and  it  is  rather  soft  and  corrosive.  KRS-5  has  a 
melting  temperature  of  415°C,  exhibits  cold  flow,  is  sometimes  in¬ 
homogeneous,  is  toxic,  is  expensive  and  has  high  specific  gravity  so 
that  optical  elements  of  this  material  are  relatively  heavy.  Arsenic 
trisulfide  glass,  which  is  often  used  as  a  window,  cuts  off  at  about  12p 
and  softens  at  1950C,  a  temperature  that  is  too  low  for  many  applica¬ 
tions.  Crystalline  germanium  and  silicon  can  be  used,  except  that 
they  are  limited  in  size.  Germanium’s  transmission  drops  rapidly 
with  increasing  temperature  starting  at  about  1250C;  silicon  can  be 
used  up  to  300°C.  (Silicon  irdomes  up  to  6  inches  have  been  reported. ) 

Some  of  these  materials  are  useful  as  corrector  plates,  lenses, 
and  prisnio  in  optical  systems,  but  are  not  really  as  satifactory  as 
they  might  be  because  of  the  limitations  that  have  been  indicated. 
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Figure  17  Transmission  regions, 
The  limiting  wavelengths,  for 
both  long  and  short  cut-off,  have 
been  chosen  as  those  wavelengths 
at  which  a  sample  2mm  thick  has 
10%  transmission.  Materials 
marked  with  an  asterisk  (*)  have 
a  maximum  external  transmit¬ 
tance  less  than  10%. 
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Immersion  lenses  have  been  made  from  germanium  and  selenium. 
This  is  probably  the  least  restricted  of  the  thermal  region  applications 
because  of  the  less  strigent  mechanical  thermal  requirements,  although 
many  problems  remain. 

2.  5.  14  The  Intermediate  Region 

In  this  region,  3  to  8p,  the  situation  is  better.  In  addition  to  the 
above  mentioned  materials,  calcium -aluminate  glass,  sapphire,  peri- 
clase,  and  plastics  such  as  Kel-F  can  be  used  for  irdomes.  Calcium 
aluminate  shows  absorption  at  2.  8p  with  the  subsequent  re -emission 
problem  already  discussed.  Sapphire  is  available  in  sizes  sufficiently 
large  for  most  applications,  but  is  expensive.  Flat  plates  and  seg¬ 
mented  domes  of  arsenic  trisulfide  glass,  Kel-F,  etc.  have  also  been 
used. 


Optical  elements  can  be  constructed  from  germanium,  silicon, 
rutile,  sapphire,  arsenic  trisulfide  and  arsenic  modified  selenium 
glass.  Silicon  and  germanium  have  not  only  high  refractive  indexes, 
but  also  low  dispersions.  Thus  they  can  be  used  as  lens  and  prism  * 
materials  that  possess  high  power  and  little  chromatic  aberration. 


Selenium,  germanium,  and  strontium  titinate  have  been  used  for 
immersion  lenses.  Other  materials  are  available;  they  should  be 
chosen  to  best  match  the  physical  properties  of  the  detector. 


The  use  of  a  filter  is  more  important  in  this  region  than  in  the 
thermal  region,  and  there  are  more  possibilities.  Not  only  are  there 
better  interference  filters  available,  but  a  broad  range  of  semicon¬ 
ductor  cut -on  wavelengths  lie  here,  and  a  desired  cut-on  can  be  manu¬ 
factured  by  a  proper  mixture  of  materials. 

2.  5.  15  Near  Region 

Extending  from  visible  to  2.  7/i  this  region  is  the  most  satisfac¬ 
tory  from  the  optical  materials  standpoints  All  the  materials  mentioned 
above  are  available;  in  addition  fused  silica  and  optical  glasses  can  be 
used.  Refractory  type  windows  or  domes  can  be  made,  lens  systems 
can  replace  reflective  or  catadioptric  (combination  reflective -refractive) 
systems  and  virtually  any  desired  spectral  band  can  be  isolated  by  an 
interference  filter. 
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Detector  must  be  located  in  front  of  optics. 


Free  from  spherical  aberration 

Shorter  than  Gregorian. 

Permits  location  of  detector 
behind  optical  system. 

Quite  extensively  used. 


Free  from  spherical  aberration 

Longer  than  Cassegrain. 

Permits  location  of  detector 
behind  optical  system. 

Gregorian  less  common  than  Cassegrain. 


Suffers  from  off-axis  coma, 


Central  obstruction  by  prism  or  mirror. 


Hoi  widely  used  now. 

No  central  obstruction  by  auxilary 
lens. 

Simple  construction. 

Suffers  from  some  cornu. 


Produces  a  curved  field. 

Free  of  spherical  aberration  ond  coma.  ■ 
Central  obstruction  by  its  own  field 
surface. 
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Shorpor  locus  over  larger  area  than 
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reflection  systems. 
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FRESNEL 

LENS 


Lp=  Special 


PERTINENT  DESIGN  CHARACTERISTICS 

1.  Radiation  gathering  power  less 
thon  reflection  systems. 

2.  Spectral  response  limited  by  lens  material. 
1  Mot  widely  used  now. 


1.  Produces  flat  field. 

2.  Very  short  in  length. 

3.  Covers  lorge  field. 

4.  Corrector  plats  has  larger  curvaturs 
than  Schmidt. 


1.  Suitable  forIR  source  systems. 

2.  Fres  of  spherical  <Aerrution  ond  coma. 

3.  Most  suitable  for  smoll  apertures. 

4.  Covers  small  angular  field. 

5.  Uses  spherical  surfocei. 

1.  Free  of  spherical  Serration,  coma, 
and  chromatism. 

2.  Very  compoct, 

3.  Large  relative  aperture. 

i.  May  also  use  corrbinotions  of  spherical 
end  aspheric  elements. 

1.  High  aperture  system. 

2.  Hoi  mean  correction  of  spherical 
aberration  ond  coma. 

1  Suitable  forIR  source  systems. 


1,  Free  of  spherical  aberration. 

2. *  Inherently  lighter  weight. 

X  Small  axial  spoce, 

4.  Small  thickness  reduces  infrared 
absorption. 

5.  Difficult  to  produce  with  present 
infrared  transmitting  materials. 
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Filters  depend  on  one  or  more  of  the  following  phenomena: 
selective  absorption,  selective  refraction,  selective  reflection,  inter¬ 
ference  and  polarization.  Selective  absorption  depends  on  the  spectral 
response  of  the  material.  Selective  refraction  takes  advantage  of  the 
chromatic  aberration  effects  by  placing  the  detector  at  the  focal  point 
of  the  optics  for  the  desired  wavelength.  Selective  reflection  is  de¬ 
pendent  on  a  variation  of  reflection  coefficient  with  wavelength.  This 
is  particularly  useful  in  far  infrared  regions. 

Interference  filters  are  of  the  reflection  type  or  transmission 
type.  These  filters  are  usually  of  the  narrow  band -pass  type  and 
as  such  are  not  usually  used  in  infrared  imaging  systems.  For  more 
information  see  Reference  20. 


2-  6.  4  Diffraction  Gratings 

Diffraction  gratings  are  used  in  laboratory  instruments  such  as 
spectrophotometers  for  analysis  of  radiation.  Effectively  a  diffraction 
grating  is  a  large  number  of  parallel  narrow  slits,  as  many  as  5  or  10 
thousand  per  inch.  Radiation  waves  from  these  slits  interfere  with  one 
another  either  on  transmission  or  reflection.  These  interference  effects 
cause  a  dispersion  of  the  various  wavelengths  somewhat  similar  to  a 
prism.  The  number  of  lines  determines  the  precision  whereby  the 
various  wavelengths  may  be  separated.  Thus,  the  diffraction  grating 
is  much  more  precise  for  radiation  analysis.  Further  discussion  is 
not  warranted  for  the  purposes  of  this  report,  and  the  reader  is  refer¬ 
red  to  optical  texts  for  more  detail. 


3.  infrared  detectors 


Considerations  and  Characteristics 


In  order  to  detect  infrared  radiation,  it  must  be  absorbed  and  its 
energy  converted  into  some  measurable  quantity.  The  output  of  the 
optical  system  is,  thus,  focussed  on  a  material  which  is  a  good  absorber 
o  1R,  and  a  good  energy  converter.  These  are  the  two  basic  qualitative 
characteristics  of  a  good  detector.  To  describe  and  compare  detectors 
more  completely  they  are  broken  down  into  the  following  quantitative 


a.  Responsivity 

b.  Noise  Equivalent  Power  (NEP)  and  Detectivity  (D*) 

c.  Time  constant 

d.  Spectral  response 

3.  1.  1  Responsivity 

Responsivity  describes  the  signal  response.  Units  are  usually 
signal  volts  per  watt  of  radiation  incident  on  the  detector. 


R  (f)  =  Vs  (f) 
W  (f) 


vs  (f)  is  the  rms  signal  voltage  at  the  modulation  frequency  f, 
and  W  (f)  is  the  rms  radiation  power  of  modulation  frequency  f  incident 
on  the  detector.  R  (f)  will  generally  be  a  function  of  the  time  constant 
and  other  physical  parameters  of  the  detector.  (Henceforth,  in  this 
report,  frequency  will  refer  to  the  modulation  or  "chopping"  frequency 
which  permits  designers  to  use  standard  ac  electronic  circuitry. ) 

3-  I-  2  Noise  Equivalent  Power  (NEP)  and  Detectivity  (D*^ 

The  NEP  is  a  measure  of  the  signal  energy  level  that  describes 
the  capability  of  the  detector.  It  is  defined  as  the  radiation  power  needed 
to  produce  a  signal  to  noise  ratio  of  one,  or  the  radiation  power  needed  to 
produce  a  signal  equal  to  the  noise  level  of  the  detector.  A  smaller  NEP 
denotes  a  more  sensitive  detector.  Another  way  to  describe  the  detection 
ability  of  a  detector  is  to  specify  its  detectivity  or  D*  (called  D-star). 
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D*  = 


x 


1 

NEP 


'  A 
v  lcm^ 


where  A  =  cell  area  in  cm^ 


This  has  the  psychological  asset  of  indicating  improved  perfor¬ 
mance  with  an  increasing  numerical  figure.  It  has  been  recommended 
for  use  by  the  organizations  concerned  with  measuring  detector  charac¬ 
teristics  such  as  Naval  Ordnance  Lab.  at  Corona,  California.  The 
term  noise  in  noise -equivalent  power  is  made  up  of  several  types  as 
follows: 

1.  Johnson  noise 

2.  Thermal  noise 

3.  Current  noise 

4.  Shot  noise 

5.  Recombination  -  generation  noise 
3-1-3  Johnson  Noise  (Also  called  Nyquist  Noise) 

An  ohmic  resistance  can  be  pictured  as  a  material  which  con¬ 
tains  a  number  of  free  charge  carriers  which  move  about  in  a  crystalline 
lattice  bumping  into  one  another  and  into  the  atoms  which  make  up  the 
lattice.  Their  motion  is  random  with  energies  that  depend  on  tempera¬ 
ture.  If  a  sufficiently  sensitive  voltmeter  were  placed  across  a  resistor 
(or  semi-conductor)  it  would  indicate  fluctuating  voltages.  These  fluctu¬ 
ations  represent  a  noise  whose  behavior  is  determined  purely  from  ther¬ 
modynamic  considerations  and  not  from  the  nature  of  the  charge  carriers. 
Johnson  noise  is  independent  of  frequency  for  the  frequency  ranges  nor¬ 
mally  used. 

3.1,4  Thermal  Noise 


There  is  a  continual  interchange  of  radiant  energy  between  bodies. 
Since  they  all  emit  radiation  that  is  characteristic  of  their  emissivity  and 
temperature,  this  radiation  can  be  described  in  terms  of  photons  which 
emerge  from  or  are  incident  on  surfaces  in  a  statistical  manner,  analo¬ 
gous  to  rain  drops  falling  on  a  roof.  There  are  statistical  fluctuations 
in  the  density  of  photons  emerging  from  the  surroundings  and  falling  on 
the  detecting  surface,  which,  on  absorption,  cause  corresponding  fluctu¬ 
ations  in  its  temperature.  Thermal  noise  is  independent  of  frequency 
over  the  frequency  ranges  normally  used. 


3.1.5  Shot  Noise 

scribed^lhp0^  US“3lIy  associated  vacuum  tabes  and  it  is  de- 
the  grid  if  m'v  “ teM  arSr  “?*  aPPearS  in  ^  output  of  a  tube  when 

aXctaatL^ current  eiSem1d  *lll.fluctuate  around  an  average  value’causing 
dibit  shot  tL  L  Semi-condactor  photovoltaic  detectors,  also  ex- 

anode.  A  similar  situation  prevails  in  the  case  of  a  semiconductor 
Electrons  or  holes  going  from  N  type  material  to  P  typ”or  vte  verea 

charactoris™^1:6 S  0,6  diode  ^  ““  aa™ 

aracteristics  that  are  observed  for  vacuum  tubes.  Shot  noise  al^n 

in  epen  ent  of  the  chopping  frequencies  normally  used. 

3*1.6  Current  Noise 

to.  ■  l?UITent  noise  if  the  Voltage  fluctuation  that  appears  across  the 
rent'passes  through  toe  r”esfstor0”  Ms  tvwT186’  When  8  Cur' 

qUencTa/n  b^ghdependent  the  reciprocal  o?  toVcYopp^fre-6"'5' 
usually  appear  Jas  ^f^m  ^ 

TeStT^zi:: deposited  mras;  wire  wound  *«*>*>”  *> 

3.1.7  Recombination  -  Generation  Noise 

Part  of  toisoTrce  of  .w“  se“ironducting  photodetectors, 

oi  tne  source  of  this  noise  is  toe  same  as  for  thermal  noise  re,,.], 

ground  radiation  photons  impinge  on  toe  detector  )„*=£?•  a01s,e'  Back~ 

by  ' ’phonon"  interaction  3  S<T,e\there  are  fluctuations  induced 
vibrate  »  .  ""Se.dViT,  ""1““ 

are  quantized,  and  can  be  described  in  particular  terminoloav  a 
phonons  with  energy  equal  tot  eo  (co  =  27 tV  £  -  h/ZlT  P-  pm  i  . 
constant,  y  =  vibration  frequency).  ’  h/ZiT,h  =  Planck  s 
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Electrons  can  be  excited  by  she  conduction  band  through  "phonon" 
collisions.  This  thermal  process  is  statistical  in  nature  and  the  rate 
at.  which  electrons  are  excited  to  the  conduction  band  fluctuates. 

3.1.8  Time  Constant 


It  would  be  convenient  to  be  able  to  give  a  single  figure  to  denote 
ie  speed  of  response  of  a  detector.  However,  the  time  constant  cannot 
be  rigorously  described  in  the  same  manner  as  for  an  RC  network,  as  the 
rise  and  decay  times  are  not  always  simple  exponentials.  Experimental 
work,  which  gives  evidence  of  tire  existence  of  two  exponentials,  might 
make  it  possible  to  describe  the  detectors  by  two  time  constants,  a  long 
time  constant  and  a  short  one.  Some  detectors  have  more  than  two  time 
constants.  The  Naval  Ordnance  Laboratory  ( NC L)  at  Corona,  California 
has  arbitrarily  defined  the  time  constant  as  the  time  required  for  a  sig¬ 
nal  to  decay  from  maximum  amplitude  to  37%  of  maximum.  As  it  is  the 
responsibility  of  NOL  to  measure  and  record  properties  of  photoconduc- 
tive  detectors,  and,  since  a  great  percentage  of  the  section  on  photo- 
conductive  detectors  is  taken  from  NOL  reports,  this  report  will  use 
the  same  definition. 

The  frequency  response  and  time  constant  are  roughtly  related 
by  the  expression  T  =  1/2-iyf  where  7'  is  the  time  constant  in  seconds 
and  1  is  the  modulation  frequency  in  cps  at  the  point  where  the  response 
is  3  db  down  from  maximum  amplitude. 

3-1.9  Spectral  Response 


This  characteristic  determines  the  spectral  sensitivity  of  the 
detector.  Thermal  detectors,  because  of  the  means  of  energy  conver¬ 
sion,  do  not  have  a  characteristic  response  spectrum.  As  such  they  can 
operate  far  out  in  the  long  wavelength  regions. 

Photodetectors  are  limited  by  their  characteristic  spectrums. 

,  ^e  photo- emissive  detectors  have  limits  to  their  spectrum  determined 
by  the  work  function  of  the  medium.  They  are  limited  to  detection  of 
radiation  whose  quanta  have  an  energy,  hV ,  greater  than  the  work  func¬ 
tion  of  the  detector  material.  Since  this  is  of  the  order  of  1  electron- 
volt  (ev)  or  higher,  these  detectors  are  limited  to  use  in  the  near-infra- 
red  where  photon  energies  are  greater  than  1  ev. 

Photoconductors  and  other  photo-detectors  are  limited  by  the 
absorption  edge  since  a  detector  cannot  be  sensitive  to  energy  it  cannot 
absorb.  The  limit  of  spectral  sensitivity  is  defined  by  NCL  as  the  wave¬ 
length  at  which  the  sensitivity  is  one  half  the  maximum  sensitivity. 
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3. 1. 10  Detection  Mechanisms  -  Comparisons 

The  mechanisms  by  which  a  material  detects  radiation  depend 
upon  how  it  reacts  to  the  photons.  Thermal  detectors  such  as  thermo¬ 
couples,  bolometers  and  gas-type  detectors  share  the  energy  of  a^quan- 

ceU  0f™tiatl0nifm0ngSt  aU  at°mS  and  molecules  making  up  the 

e ctriS  she„SaUl  *“*  7*  ‘TPerature  *hich  is  converted  into  an 
n  mtnn  tn  n 8  *'  A  Photoconductive  detector  uses  the  energy  of  the 
photon  to  change  its  resistance  independently  of  temperature  effects 
and  this  resistance  change  can  be  converted  into  an  LctrTcal  » 

are  varied6  andT^^^^?6  energy  conversions  are  accomplished 
are  vaned,  and  are  brought  out  in  the  following  sections. 
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3.2 


Thermocouples 


The  thermocouple  depends  upon  the  discovery  of  Seebeck  in 
1826,  that  heating  one  junction  of  two  dissimilar  metals  with  respect 
to  the  other  junction  causes  an  electro-motive  force  (emf)  to  be  gen¬ 
erated.  The  direction  and  magnitude  of  the  emf  depends  upon  the 
properties  of  the  junction  materials  and  upon  the  temperature  gradient. 
The  emf  can  be  expressed  as  E  =  P12  AT  where  P^  is  the  thermo¬ 
electric  power,  and  is  characteristic  of  the  two  materials. 

If  the  circuit  is  closed  a  current  will  flow,  and  the  above  ex¬ 
pression  is  no  longer  .correct.  This  is  a  result  of  the  Peltier  effect 
which  causes  a  cooling  of  the  heated  junction  when  current  flows  across 
it  in  the  direction  of  the  thermoelectric  emf. 

In  practice,  lead  is  used  as  a  reference  metal  for  determining 
the  thermoelectric  power  P  of  a  material.  Then  the  behavior  of  one 
thermoelectric  material  with  respect  to  another  is  determined  simply 
by  taking  the  difference  of  their  constants  with  respect  to  lead.  A  com¬ 
bination  is  chosen  so  that  P  is  as  large  as  possible.  The  sensitive  junc¬ 
tion  has  a  receiver  of  small  mass  compared  to  surface  area  attached  to 
it.  The  surface  is  blackened  to  have  as  high  an  absorption  coefficient 
as  possible.  The  reference  junction  is  held  at  constant  temperature, 
usually  in  an  ice-water  bath. 

3.2.1  Thermocouple  Characteristics  . 

A  good  thermocouple  has  a  low  thermal  capacity,  a  high  thermal 
resistance,  but  a  low  electrical  resistance.  As  a  general  rule,  though 
materials  with  low  electrical  resistance  have  a  low  thermo-electric 
power.  Also,  according  to  the  Wiedemann- Franz  law  there  is  a  rela¬ 
tionship  such  that  the  ratio  of  thermal  conductivity  K  and  electrical  con¬ 
ductivity^  at  a  given  temperature  is  K/crT  =  L,  where  L  is  known  as 
the  Lorentz  number.  It  has  a  very  nearly  constant  value  for  most  ma¬ 
terials,  especially  metals.  This  constant  is 

L0  =  2.  45  x  10“^  volt^/°C^ 

A  high  value  of  L/L0  indicates  a  disproportionately  high  electrical 
resistance.  L/L0  is  used  as  a  figure  of  merit  by  many  people,  although 
others  prefer  some  ratio  of  P  to  L  as  a  better  figure  since  high  values 
of  P  are  generally  associated  with  high  values  of  L/L0. 
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Table  V,  based  on  work  done  by  Hornig  and  O'Keefe  fRef 

and°WLA  ftherm0‘eleCtriC  P°Wer>  thermal  and  ^lectricaf ^conductivities 
and  L/L0  for  various  thermoelectric  materials.  Table  VI  lists  the 

characteristics  of  several  thermocouples  made  by  Hornig  and  O'Keefe 

which  can  be  taken  as  representative  of  bi-metallic  couples 

hv  F  Tf'ermocoVPles  have  been  made  using  semi -conducting  materials 
by  E.  Schwarz  in  England.  Table  VII  lists  the  characteristics  nf  lnZ 
vacuum  thermocouples  and  an  air  thermocouple. 

„„„  These  thermocouples  are  available  commercially;  they  are  at 
present  the  most  effective  and  widely  used  thermal  detectors  for  lec 
troscopic  and  other  purposes  where  very  wide  spectral  response  fi  r, 
quired  and  short  time  constant  is  not  a  factor.  P 

between^^fmtorlmt0*"'  thermocouPles  an  order  of  magnitude 
NFP  1=  a  *  ™  8  ”lc1rovolts  Per  microwatt.  The  ultimate  sensitivity  or 

watts  fnr^Te1116!?  ba  nolse  and  is  of  the  order  of  3  to  5  x  10- H 

watts  for  a  1  cps  bandwidth.  The  effective  time  constant  is  a  function  of 

ThefraarTCtoeturntanfCe  r  "’e  ll!efr”locouPle  shunted  by  a  capacitance. 

constant  heconlel  H  '“T0!18  the  chopPinS  frequency  so  that  the  time 
constato  becomes  dependent  on  the  frequency  and  is,  in  effect  a  measure 

of  the  frequency  response.  The  measured  values  have  orders  of  mag 
mtude  between  0.  1  second  and  0.  01  second.  B 

For  image  display  systems  -  the  characteristics  of  the  thermo 

andUtmaerceonlinia  °laSS  W“h  ^  as  respo^Wty 

and  tinje  constant  are  concerned.  The  cost  is  relatively  high  and  the 

ruggedness  for  military  field  use  is  somewhat  less  than  adequate. 
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TABLE  VI 


Characteristics  of  Hornig  and  O1  Keefe  Thermocouples 


Total  area  of  receivers  (min^) 

Number  of  Junctions 

- 

0.  5 

1 

1.0 

2 

4.0 

4 

Electrical  Resistance  (ohms) 

5 

10 

12.  5 

Diameter  of  Lead  Wires  (x  10  '3  mm) 

97%  Bi  3%  Sb 

1.6 

1.  6 

2.  1 

95%  Bi  5%  Sn 

2.0 

2.0 

2.  6 

Heat  Capacity  of  Lead  Wires 
(x  10“ '  joules/°C) 

1.  0 

2.0 

6.3 

Total  Heat  Capacity  (x  10”^  joules/°C) 

4.  8 

9.  5 

36.  3 

Response  Time  (seconds) 

0.  036 

0.036 

0.041 

D.  C.  Responsivity  (volts/watt) 

6.  5 

6.  5 

3.  8 

Responsivity  at  5  c/s 

4.4 

4.4 

3.  1 

Minimum  Detectable  Power  at 

5  c/s  (x  10"10  watts) 

0.  5 

0.  7 

1.  4 

Johnson  noise  at  300°K 

2.  9 

4.0 

4.  6 

Thermal  noise  at  300°K 

0.  5 

0.  5 

0.  4 

(x  10“19  volts) 

Couple  Number  (V,  vacuum,  A,  Air-filled) 


Receiver  Area  (mm2) 

Electric  Resistance  (ohms) 
Dynamic  Resistance  (ohms) 
Responsivity  (volts /watt) 

Time  Constant  (sec. ) 

Minimum  Detectable  Power 
(watts)  (for  a  lc/s  EW. ); 
Calculated  D.  C. 

Calculated  5  c/s 
Measured  5  c/s 
Combined  Thermo-Electric 
Power  (pv/°C) 

Thermal  Conductance  (watts/°C) 
Thermal  Conductance  Due  to 
Conduction  (watts/'°C) 

Noise  Factor  (obs.  5  c/s) 


I 


TABLE  VII  -  Properties  of  Schwarz  Then 


4V 

5V 

6A 

7.5 

3.2 

1.5 

106 

115 

70 

4.  6 

8.  6 

— 

9 

24 

0.  6 

— 

0.008 

1.  5  x  10‘10 

5.  6  x  10"11 

1.8  x  10"9 

_  —  _  _ 

— 

1.8  x  lO'9 

— 

— 

2.0  x  10 "9 

212 

150 

_  j 

1.  9  x  10-4 

5.  0  x  10'° 

— 

1.  4  x  10“4 

2.  9  x  10”5 

-AT _ 

300 
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3. 3  Bolometers 


The  operation  of  the  bolometer  depends  on  the  change  in  electri¬ 
cal  resistance  of  a  material  on  heating  it.  This  change  is  determined 
by  a  quantity  o( ,  the  temperature  coefficient  of  resistance: 


C{  =i-  ohm/ohm  -  °K 

R  dT 

where  R  is  the  resistance  of  the  material  at  temperature  T.  Since  the 
resistance  of  most  metals  over  a  wide  temperature  range  is  approxi¬ 
mately  proportional  to  the  temperature, 


at  room  temperature,  0<  =  0.  0033 -ohm/ohm  -  °K-.  Values  vary  a  little 
from  this,  but  not  greatly.  (Ref.  22).  For  semiconductors,  R  is  gen¬ 
erally  given  by  an  equation  of  the  form  R  =  R0  exp  (A/T)  with  A  being 
a  positive  coefficient.  Then 


cX  = 


-A 


T2 


Note  that cx,  is  negative  in  this  case  which  means  the  resistance  goes 
down  as  the  temperature  goes  up.  Values  numerically  much  greater 
than  for  metals  may  be  obtained.  A  typical  value  is  A  =  3,  000°K, 
giving 0<  =  -.  0.  033  ohm/ohm  -  °K  for  room  temperature.  As  a  general 
rule,  one  finds  the  temperature  coefficient  for  semiconductors  is  about 
10  times  greater  than  that  for  metals. 


3.  3. 1  Bolometer  Bridge  Circuit 


The  usual  arrangement  of  the  bolometer  detector  is  shown  in 
Figure  19.  R^  is  a  load  resistance.  In  practice,  especially  when  using 
semiconducting  materials  for  thermistor  bolometers,  Rp,  is  a  bolometer 
as  nearly  identical  to  the  active  cell  as  possible,  It  is  shielded  from 
the  radiation,  but  otherwise  arranged  so  that  any  fluctuations  in  ambient 
conditions  affects  the  detector  and  compensator  in  the  same  manner,  and 
the  bridge  remains  balanced. 

The  power  source  is  arranged  so  that  the  bias  current  through 
the  circuit  is  effectively  constant  (constant  current  generator  theory). 

The  signal  observed  is  the  change  in  voltage  across  the  element  due 
to  the  change  in  resistance. 
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Re 

/'V_  (R+  Re)  xEx  AR 

or  dv  =  -S&E  =  — _A_ 

dR  (R  +  Re)  R  +  Re  x  R  +  Re 

Re/R  +  Re  is  known  as  the  bridge  factor  and,  for  the  situation  described 
above,  is  equal  to  1/2. 

(Re  =  ) 

RL  +  Rg 

The  bolometer,  like  the  thermocouple,  is  a  very  simple  device, 
yet  the  design  of  a  sensitive  bolometer  for  radiation  measurements  is  * 
complicated  by  a  number  of  factors.  Some  of  these  are  similar  to  those 
encountered  in  the  thermocouple.  A  small  thermal  capacity  and  minimum 
thermal  losses  are  desirable  to  obtain  a  large  responsivity,  while  small 
thermal  losses  tend  to  increase  the  time  constant. 

3-  3-  2  Heat  Capacity,  Thermal  Losses,  Joulean  Heat 


The  effects  of  heat  capacity,  thermal  losses  and  Joulean  heat  due 
to  bias  current  can  be  described  by  the  differential  equation 


CP  x 


where 


d  AT 
df 


+  K0  AT  =  AW  + 


dWh 


x  AT 


dt 


Ce  =  dynamic  heat  capacity 
K0  ~  static  thermal  conductivity 
Wh  =  Joulean  heating  power 
W  =  power  absorbed  due  to  radiation 
AT  =  change  in  temperature  due  to  absorbed  radiation 

The  first  term  of  the  equation  on  the  left  is  the  rate  of  heat 
storage  in  the  cell.  The  rate  of  heat  flow  out  is  given  by  the  second  term 
and  is  associated  with  radiation  out  from  the  cell  and  conduction  through 
the  heat  sink.  The  last  term  on  the  right  hand  side  is  the  variation  in 
Joulean  heat  flow  caused  by  the  variation  in  the  resistance  due  to  the 
absorption  of  energy  A  W, 
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3.  3.  3  Bolometer  Characteristics 


The  bolometer  has  problems  peculiar  to  itself.  To  obtain  a 
large  responsivity  the  bias  current  and  the  load  resistance  should  be 
as  large  as  possible.  (A  load  resistance  may  be  used  in  place  of  the 
shielded  compensating  cell. )  However,  the  thermistor  bolometer 
is  subject  to  self  heating  due  to  the  bias  current,  as  explained  above, 
and  actual  instability  can  occur  in  a  cell  due  to  this  self  heating  effect. 
This  criterion  for  instability  places  a  limitation  on  the  value  of  the 
voltage  and  on  the  operating  temperature;  also,  there  is  an  optimum 
bias  current  beyond  which  little  improvement  can  be  obtained. 

Semi-conductors  are  especially  attractive  for  bolometer  cells. 

As  shown  previously,  they  have  a  much  larger  temperature  coefficient 
of  resistance  than  is  possible  for  metals,  and  a  much  higher  resistivity. 
Thus  semi-conductor  bolometers  tend  to  be  high  impedance  devices  of  the 
order  of  megohms,  permitting  the  arrangement  of  Figure  19  for  driving 
ac  electronic  amplifiers. 

The  ultimate  sensitivity  or  NEP  is  the  ratio  of  the  limiting  noise 
voltage  and  the  responsivity.  The  limiting  noise  is  Johnson  noise  voltage 
if  frequency  considerations  are  ignored.  Johnson  noise  is  a  function  of 
the  impedance  so  that  a  semiconductor  would  have,  inherently,  a  larger 
Johnson  noise  than  a  metal  bolometer.  If  the  effect  of  frequency  is  con¬ 
sidered,  a  current  noise  source  is  present  at  low  frequencies  partly 
caused  by  the  method  of  making  contact  to  the  cell.  In  practice,  this 
current  noise,  proportional  to  1/ f,  can  be  made  small  enough  so  that 
a  good  bolometer  has  a  total  noise  level  when  biased  that  is  less  than 
twice  Johnson  noise. 

The  responsivity  is  a  measure  of  the  temperature  change  due 
to  a  change  in  resistance  in  terms  of  volts  out  per  watt  of  incident 
energy.  The  higher  temperature  coefficient  of  resistance  and  the  higher 
resistivities  result  in  a  much  greater  change  in  resistance  for  a  given 
temperature  change  in  the  case  of  semiconductor  bolometers  compared 
to  metal  units.  The  responsivity  of  a  semiconductor  bolometer  is  very 
much  greater  than  that  of  a  metal  bolometer,  thus  offsetting  the  increased 
noise  and  resulting  in  a  NEP  for  the  semiconductor  unit  comparable  to 
or  better  than  the  metal  one. 

The  time  constant  or  frequency  response  depends  to  some  extent 
on  the  responsivity.  It  is  a  measure  of  how  fast  the  temperature  change 
can  be  made.  A  fast  speed  of  response  is  achievable  at  the  expense  of 
responsivity,  Figure  20.  A  few  bolometers  using  thermistors,  semi¬ 
conductors  composed  of  combinations  of  sintered  or  powdered  metallic 
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oxides  and  featuring  very  large  temperature  coefficients  have  been 
mad.  with  time  constants  of  the  order  of  hundreds  of  mfcro^I  ends 
with  responsivities  around  500  -  800  microvolts  per  microwatt. 

23  6  24)UaI  lange  l0r  semiconductor  bolometers  are,  however:  (Ref. 


Time  constant 

Responsivity 

NEP 

Resistance 
Spectral  response 


0.  001  to  0.005  sec. 

800  to  1200  microvolts/microwatt 
10_J  to  10~10  watts 
1  to  5  megohms 
Uniform  to  all  wavelengths 


For  metal  bolometers,  characteristic  data 


Time  constant 

Responsivity 

NEP 

Resistance 
Spectral  response 


are: 


0.001  to  0.005  sec. 

0.  5  to  5.  0  microvoits/microwatt 
10-8  to  10~9  watts 
20  to  50  ohms 
uniform  to  all  wavelengths 


3.  3.  4  Immersion  Bolometers  (Ref.  25) 

T1'fre  are  limits  to  the  optical  gain  that  can  be  achieved  prac¬ 
tically  with  conventional  optical  systems  in  the  infrared  regions.  In 
the  longer  wavelength  regions  it  is  necessary  to  use  reflecting  optics 
exclusively  and  these  become  expensive  and  bulky.  It  is  possible  bv 
means  of  optical  immersion  (referred  to  in  Section  2.  5.  7)  of  the  de¬ 
tector  cell  to  achieve  substantial  optical  gain  directly  at  the  detector. 

-  Thermistors  have  been  attached  to  concentric  germanium  hem¬ 
ispheres  for  large  gains  in  detectivity.  The  image  at  the  plane  face  of 
the  germanium  lens  is  reduced  by  a  factor  of  4  from  that  of  the  image  • 
in  space.  This  amounts  to  a  reduction  of  16  times  in  the  area  of  the 
leeeiver  and,  since  thermistor  detectivity  varies  inversely  with  the 
square  root  of  its  area,  a  gain  of  four  times  in  'detectivity  results. 

The  thermistor  is  mounted  centrally  on  the  plane  surface  of  the 
hemisphere  separated  by  a  thin  film  which  is  transparent  to  infrared 
and  electrically  insulating.  Detector  time  constant  is  determined  by 
controlling- the  thickness  of  this  layer.  The  germanium-immersed 
bolometer  is  suitable  for  use  in  optical  systems  having  effective  rela¬ 
tive  apertures  down  to  less  than  f/1.  0. 
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3.  3.  5  Bolometer  Mosaics 


A  matrix  or  mosaic  of  thermistor  elements  can  be  "printed"  in 
desired  patterns  on  ceramic  substrates.  Electrical  junctions  are  like¬ 
wise  printed  to  provide  signal  and  bias  contacts.  Arrays  containing 
100  cells  have  been  made  by  laying  down  a  10  x  10  matrix.  Linear 
arrays  have  also  been  produced  by  this  technique.  The  individual  bolo¬ 
meter  elements  have  properties  comparable  to  the  single  element  ther¬ 
mistor  cells  described  previously.  Because  of  its  method  of  manufac¬ 
ture,  printed  thermistor  bolometers  are  useful  under  high  ambient 
.  temperature  conditions. 

3-  3-  6  Low  Resistance  Thermistor  Bolometers  for  Transistors 


Due  to  space  and  weight  requirements  work  has  been  started  on 
developing  thermistor  bolometers  for  use  with  transistor  amplifiers. 

The  high  impedance,  1  to  5  megohms,  of  standard  thermistor  bolometers 
is  not  suitable  for  transistor  amplifier  matching.  Optimum  resistance 
for  thermistors  for  coupling  to  transistor  circuits  has  been  determined 
to  be  of  the  order  of  50  K  ohms  and  work  is  progressing  on  the  develop¬ 
ment  of  these  relatively  low  impedance  cells. 

3-3.7  Superconducting  Bolometer 

The  temperature  coefficient  of  resistance,  a,  for  metals  in  their 
normal  state  tends  to  zero  for  very  low  temperatures.  Many  metals, 
however,  become  superconducting  at  small  values  of  T,  their  resistance 
dropping  to  zero  at  a  particular  temperature.  For  pure  metals  this 
transition  is  extremely  rapid  and  would  be  difficult  to  use,  but  for  some 
alloys  the  transition  is  relatively  gradual  and  corresponds  to  a  large 
positive  value  of  a  over  a  small,  but  finite  temperature  range.  This  is 
one  of  the  major  requirements  of  a  sensitive  bolometer.  Columbium 
nitride  cooled  to  a  temperature  of  14.  34°K  has  temperature  coefficient 
of  50  ohm/ohm  -  °K  over  the  range -from  14.  340K  to  14.  37°K.  Ordi¬ 
nary  metal  has  an  a  of  0.  07  at  this  temperature.  In  addition  there  is  a 
large  reduction  in  heat  capacity  due  to  the  low  temperature.  Since  at  low 
temperatures  the  specific  heat  becomes  proportional  to  T3^  quite  short 
time  constants  may  be  obtained;  values  of  the  order  of  0.  3  milliseconds 
have  been  reported.  (Ref.  26). 

The  narrowness  of  the  transition  region,  0.  03^C,  requires  a  very 
high  degree  of  temperature  stability,  thus  posing  quite  a  practical  prob¬ 
lem.  The  work  of  Milton  and  Andrews  shows  the  possibility  of  achieving 
great  sensitivity  at  tremendous  expense  in  effort  and  time.  In  its  present 
state,  the  superconducting  bolometer  must  be  regarded  as  a  special  re¬ 
search  instrument  and  not  as  a  tool  for  ordinary  use. 


3.  3.  8  Increased  Use  of  Semiconductor  Bolometers 

Semiconductor  bolometers  of  the  thermistor  type  are  being  used 

m  greater  quantities  as  new  materials  and  techniques  increase  the  re- 

sponsivity,  increase  detectivity  and  lower  the  time  constant  Increased 

interest  m  the  8  to  13  micron  atmospheric  window  has  also  played  a 

P  it  m  focussing  attention  on  the  thermistor  bolometer  since  the  spectral 

f*®1 P°ns®  of  the  photoconductor  detectors  has  not  yet  been  extended  very 
iar  into  this  region.  J 

A  training  device  incorporating  a  thermistor  bolometer  would 
seem  quite  attractive,  as  filters  could  be  used  to  display  images  from 
targets  as  they  would  be  seen  by  the  more  spectrally  selective  equip¬ 
ments  designed  for  specific  uses.  This  will  be  explored  further  in  later 
sections,  as  there  are  several  other  factors  to  be  considered  such  as 
optical  considerations,  optical  materials,  scanning  methods,  economic 
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3.  4  Pneumatic  and  Other  Types 


In  its  simplest  form  the  pneumatic  type  of  detector  is  made  up 
of  a  small  gas -filled  chamber,  equipped  with  an  infrared  transmitting 
window,  some  means  for  absorbing  radiation  admitted  to  the  chamber, 
and  finally  a  method  for  transposing  pressure  change  in  the  chamber 
into  measurable  signal  output,  usually  electrical  or  optical. 

One  device  made  by  Hayes  (Ref.  27)  used  a  carbonized  "fluff'1 
material  in  a  small  chamber  to  absorb  radiation.  One  end  of  the  chamber 
was  closed  with  a  thin  metal  diaphragm  which  formed  one  plate  of  a  con¬ 
denser.  Capacitance  changes  provided  a  direct  means  of  measuring  the 
radiation  input. 

3.  4. 1  Golay  Cell 

Zahl  and  Golay  are  responsible  for  the  more  commonly  known 
version  of  the  pneumatic  detector,  the  Golay  cell.  (Ref  28)  (Figure  21). 
An  air  or  gas -filled  cell  contains  a  very  thin  radiation  receiving  mem¬ 
brane  in  the  form  of  a  layer  of  aluminum  (0.  03p)  deposited  on  a  0.  05 n 
thick  collodion  base.  The  heating  of  this  membrane  causes  expansion 
of  the  gas  distorting  the  detecting  membrane  which  is  a  flexible  mirror. 
Visible  light  is  reflected  from  this  mirror  and  focussed  on  a  photo¬ 
cell  through  a  high  sensitive  optical  amplifier.  The  light  passes  through 
one  half  of  a  line  grid  and  is  then  reflected  by  the  cell  membrane  back 
on  to  the  other  half  of  the  line  grid  and  thence  to  the  photo-cell.  Initially 
the  images  of  the  line  grids  are  focussed  in  such  a  way  that  no  light 
gets  through.  A  slight  distortion  of  the  membrane  will,  however,  defocus 
the  image  sufficiently  to  allow  a  considerable  amount  of  light  to  energize 
the  photo-cell.  Helium  filled  detectors  with  600/isec  time  constant  have 
been  made;  the  more  usual  values  range  from  2  to  30  milliseconds  with 
NEP  of  the  order  of  6  x  10"  ^  watt.  The  absorbing  disk  has  a  diameter 
as  small  as  0. 1  inch  although  other  sizes  and  shapes  may  be  used. 

Another  form  of  the  pneumatic  detector  utilizes  the  gas  itself  as 
a  radiation  absorber.  By  filling  the  cavity  with  gases  having  selective 
absorption  bands,  detection  in  certain  preselected  wavelength  intervals 
may  be  achieved.  Since  mixtures  of  absorbing  gases  may  be  used  a 
variety  of  specific  wavelength  response  combinations  can  be  obtained. 

A  sharpness  and  multi-region  response  characteristic  that  is 
difficult  to  obtain  with  optical  filter  methods  can  be  achieved  by  this 
cell.  Energy  conversion  is  accomplished  by  using  the  flexible  dia¬ 
phragm  as  one  plate  of  a  capacitor  and  using  the  electrical  signal  to 
drive  a  standard  high  impedance  cathode  follower  circuit. 
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Figure  21.  Golay  Pneumatic  Heat  Detecto 


Response  is  3000  volts/watt  at  50  cps.  Because  of  its  method 
of  operation  there  is  no  self  noise,  the  NEP  of  6  x  10  ’10  watt  being  due 
to  radiation  background  noise  and  preamplifier  noise.  The  effective 
sensing  area  can  range  from  0.  5  mm2  to  20  cm2.  Overall  size  of  a 
detector  with  effective  area  of  18.  5  mm2  is  0.  925  in.  long  and  0.  437  in. 
diameter.  Immersion  optics  techniques  can  be  readily  adapted.  (Ref.  29). 

3.  4.  2  Thermal  Image  Tube 

Another  variation  of  the  pneumatic  type  makes  use  of  the  change 
in  refractive  index  of  the  gas  due  to  local  temperature  changes.  (Ref.  30). 

A  thermal  image  is  focused  on  a  thin  layer  of  infrared  absorbing 
gas  or  upon  an  infrared  absorbing  membrane  (that  is  partially  trans¬ 
parent  to  visible  light)  immersed  in  a  nonabsorbing  gas.  The  local  varia¬ 
tions  in  the  density  of  the  gas  caused  by  the  energy  variation  throughout 
the  thermal  image  are  made  visible  if  the  corresponding  refractivity 
variations  are  examined  by  means  of  a  sensitive  optical  system  of  the 
type  used  to  observe  wind  tunnel  air  density  patterns. 

Thus  a  directly  displayed  thermal  image  may  be  observed. 

3.  4.  3  Thin  Films 

The  change  in  rate  of  evaporation  or  condensation  of  thin  liquid 
films,  usually  oil,  on  exposure  to  an  infrared  image  is  another  type 
of  thermal  detector  worthy  of  mention.  The  Evaporograph  is,  perhaps 
the  best  known  device  using  this  technique,  and  will  be  discussed  more 
fully  under  Section  4.  7.  The  main  disadvantages  of  this  technique  are 
its  slow  response,  of  the  order  of  seconds,  and  the  fact  that  the  image 
must  be  wiped  off  before  a  new  image  can  be  built  up. 
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3,  5  Photodetector  Transducers 


Detectors  that  convert  light  energy  into  electrical  energy  based 
on  the  freeing  of  bound  electrons  by  the  absorption  of  quanta  of  radia¬ 
tion  are  known  as  photodetectors.  Photodetectors  count  the  number  of 
effective  quanta  of  radiation  absorbed.  The  energy  of  a  quantum  of  fre¬ 
quency]/  is  hU  ,  h  being  Planck's  constant.  In  such  detectors  only 
quanta  having  energies  greater  than  Eo,  the  threshold  energy  level,  are 
effective,  the  detector  ignoring  the  presence  of  quanta  of  lower  energy. 
The  value  of  E0  is  frequency  dependent  and  is  usually  fairly  sharply 
defined,  establishing  a  long-wave  limit  of  detection.  The  energy  of  a 
photon  (unit  of  a  quantum),  therefore,  depends  only  on  the  frequency  of 
the  radiation  and  not  the  intensity.  In  a  monochromatic  field,  all  photons 
have  the  same  energy.  An  increase  in  the  intensity  of  the  monochromatic 
radiation  increases  the  number  of  photons  emitted  per  unit  time,  but  not 
their  individual  energy,  and  hence  would  increase  the  photocurrent. 

Since  the  time  constant  of  photodetectors  does  not  depend  on  the  thermal 
capacity  but  on  the  photo-electric  properties  of  the  material,  their  time- 
constants  are  much  shorter.  The  higher  frequency  response  due  to  the 
short  time  constants  allow  the  system  designer  more  latitude. 

3.  5.  1  Photodetector  Types 

The  photodetector  types  classified  by  their  modes  of  operation 

are: 

1  -  Photoconductive  detectors 

2  -  Photovoltaic  detectors 

3  -  Photoelectromagnetic  detectors 

4  -  Photo  emissive  detectors 

5  -  Photographic  Film 

6  -•  Luminescent  phosphors 

The  first  four  modes  depend  upon  fluctuating  current.  Photo¬ 
graphic  film  i  s  a  photodetector  that  depends  on  a  photo -chemical  pro¬ 
cess  for  its  operation.  The  infrahed  quenching  of  luminescant  phos¬ 
phors  is  a  photon  absorption  process  that  has  found  limited  practical 
use  to  date 

3.  5.  2  Photoconductor  Theory 


The  photoconducting  phenomenon  is  the  increase  in  conductivity 
of  a  semiconductor  due  to  an  increase  in  the  number  of  current  carriers 
available  for  the  conduction  process  when  light  energy  is  absorbed. 

Light  energy,  in  this  case,  is  the  energy  of  photons  from  the  ultraviolet, 
visible,  and  infrared  regions  of  the  spectrum.  When  light  of  the  proper 
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wavelength  tails  on  the  surface  of  a  semi-conductor,  the  energy  of  the 
incident  photons  is  expended  in  the  transfer  of  electrons  from  the  val¬ 
ence  band  across  the  forbidden  energy  gap  into  the  conduction  band. 

3.5.3  Electron  Energy  Levels  and  Bands 

The  electronic  properties  of  solids  may  be  described  by  electron 
energy  band  theory.  The  Bohr  model  of  the  atom  consists  of  a  centrally 
oca  ed  nucleus  surrounded  by  electrons  in  orbit  analagous  to  the  plane¬ 
tary  orbits  of  the  solar  system.  Figure  22  shows  an  orbital  model  of 
ie  atom  and  the  energy  level  diagram  of  the  same  atom.  The  vertical 
position  of  the  horizontal  lines  represents  the  levels  of  energy  corres¬ 
ponding  to  the  various  electronic  orbits.  The  lengths  of  the  lines  cor¬ 
respond  to  the  diameter  of  the  orbits.  The  curves  bounding  the  system 
°f  horizontal  lines  therefore  represent  a  plot  of  the  total  energy  of  the 
atom  as  a  function  of  the  radius  of  the  electronic  orbit.  Orbital  elec- 
rons  are  allowed  discrete  values  of  energy  which  may  be  determined 
by  quantum  mechanics.  The  particular  allowed  values  are  illustrated 
m  the  energy  level  diagrams  by  the  position  of  the  horizontal  lines. 
Associated  with  every  atom  are  a  number  of  orbital  electrons  sufficient 
to  cancel  the  positive  charge  of  the  nucleus. 


If  a  number  of  identical  atoms  are  brought  together,  a  coupling 
process  tabes  place  and  the  discrete  energy  levels  normally  occupied  by 
the  electrons  in  the  individual  atoms  split  up  into  energy  bands  as  shown 
m  Figure  23.  Electrons  that  bind  atoms  together  are  called  valence 
electrons,  and  the  energy  levels  that  they  fill  are  called  valence  levels. 
In  each  band  there  is  a  number  of  energy  levels  approximately  equal  to 
the  number  of  atoms.  The  next  higher  band  of  levels  arising  from  the 
owest  excitation  level  of  the  individual  atom  is  shown  to  be  separated 
from  the  valence  band  by  an  interval  of  energy  in  which  there  are  no 
allowed  energy  levels.  The  electrons  populating  these  bands  move  under 
quantum  mechanical  constraints  which  make  the  electrons  in-  the  energy 
levels  near  the  top  of  a  band  act  as  if  their  masses  were  negative. 
Removal  of  one  of  these  electrons  leaves  a  vacancy  which  behaves  like 

a  particle  having  positive  charge  and  positive  mass.  Such  a  vacancy  is 
a  positive  hole. 


t  i  ?!e  djgree  of  filling  oi  electron  levels  in  single  bands,  assem¬ 
blages  of  bands,  forbidden  gaps,  and  impurity  levels  may  be  ascertained 
by  the  use  of  Fermi  statistics.  The  energy  of  a  reference  level  at  which 
the  probability  of  filling  a  level  is  1/2  is  called  the  Fermi  level. 
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Figure  22  -  Simplified  Orbital  Model  and  Energy  Level 
■  Diagram  of  an  Atom. 
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a.  Energy  Level  Diagram  of  a  Diatomic  Molecule 
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b.  Crystal  Energy  Level  Diagram 
Figure  23  -  Energy  Level  Diagram 
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exriteri  enerfy  fap  \s  small>  a‘few  electrons  will  be  thermally 

band  so  th a?  f hCOnductlon iband’  leavin&'  a  few  vacancies  in  the  valence  - 
band  so  that  there  are  a  limited  number  of  electrons  capable  of  coopera- 

^  and  the  CryStaI  <a  la^  "“niber  of  Sal 
can  conduct  current.  Such  a  crystal  shows  a  resistivity  several 

Actors  and  if"p1^deHhigher  ■HlanJthe  resistivity  of  most  metallic  con- 
ouctors  and  is  called  a  semiconductor. 

3,5>5  Impurity  Addition  or  Doping 

j  n  j  T^e  conductivity  of  a  semiconductor  may  be  altered  by  the  con- 

CTeat lran  f  ™  °f  i“purities  Impurities  may  have  either 

g  eatei  or  fewer  valence  electrons  than  the  semiconductor  When  the 

valence  electrons  of  the  impurity  exceed  that  of  the  semiconductor  an 

fm  uritveT°  UCt0f  r6SUlt8  and  the  impUrity  is  referred  ^  donor 
impurity.  Fewer  impurity  valence  electrons  make  up  a  P-type  semi¬ 
conductor,  and  the  impurity  is  referred  to  as  an  acceptor  impurity. 

3.5.6  N-Type  Impurity 

The  effect  of  an  N-type  impurity  is  shown  in  Figure  24  Ger¬ 
manium  (Ge)  with  four  valence  electrons,  is  doped  with  arsenic  (As) 
having  five  valence  electrons.  When  an  arsenic  atom  replaces  a  ger¬ 
manium  atom  in  the  germanium  crystal  lattice  four  of  itSP  five  valence 
electrons  are  used  in  bonding  the  arsenic  to  its  neighboring  germanium 

given  un  thf ' tra  valence  electron  >s  very  lightly  held  and  i!  easily 

given  up  to  the  conduction  band.  Without  its  fifth  valence  electron  the 

arsenic  ion  represents  a  localized  positive  charge  in  the  inter  r  o 
the  crystal  and  warps  the  edges  of  the  valence  and  conduction  bands 
giving  use  to  a  few  rather  extensive  energy  levels  just  below  the  edge  of 
the  conduction  band.  The  bending  of  the  conduction  band  edges  results 

atom  ^IIpH00  °r  SC1attTing]°f  eiectrons  they  approach  the  impurity 
llec  ener§y  levels  adjacent  to  die  bottom  of  the  conduction  band 
are  called  donor  levels  Since  die  energy  gap  between  the  donor  levels 
and  the  conduction  band  is  much  less  than  the  energy  gap  between  the 
valence  band  and  the  conduction  band,  the  donor  levels  will  yield  their 
tern  ^  by  tomal  excitation  at  much  lower 

the'conductkin'band^6  reqUired  *°  eXC“e  eIeCtr0nS  fr0m  016  to 


Figure  24  -  Donor  (N-Type)  Impurity  Effect  on  Energy  Bands 


Figure  25.  Acceptor  (P-Type)  Impurity  Effect  on  Energy 
Bands 
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3-5.7  P-Type  Impurity 


,  ,  Tlie  effect  of  a  P-type  impurity  is  shown  in  Figure  25.  Gallium 

(Ga)  having  three  valence  electrons  is  added,  and  replaces  a  germanium 

“  tile  fefn'anmm  crystal  K  is  able  to  saturate  its  bands  in 

only  three  oi  its  four  germanium  neighbors.  It  is,  therefore,  ready  to 

accept  an  electron  from  any  available  source  in  order  to  saturate  the  band 
1  ]Jhe  nei&hbor.  At  ordinary  temperatures  the  gallium  atom 

would  capture  an  extra  electron  from  the  valence  band  in  order  to  saturate 
its  bands  with  its  germanium  neighbors.  The  negative  ion  warps  the  band 
e  ges  as  shown  An  extensive  impurity  energy  level  is  found  just  above 
,,  of  ^ ie  valence  band  and  contains  the  extra  electron  captured  by 
he  gallium  impurity.  At  very  low  temperatures  this  level  loses  its 
electron  to  the  band.  The  empty  level  thus  produced  represents  the 
unsaturated  band  of  the  gallium's  fourth  nearest  neighbor.  Such  an 
energy  level  close  to  the  top  of  the  valence  band  is  called  an  acceptor 
level,  and  it  is  relatively  easy  to  excite  an  electron  thermally  from  the 
valence  band  into  this  vacant  energy  level  and  thereby  satisfy  the  bonding 
requirements  of  the  gallium  impurity.  This  process  leaves  a  vacant 
energy  level  in  the  valence  band. 


3.  5.  8  Radiation  Energy  Required  for  Conduction 


The  minimum  radiation  energy  required  to  raise  an  electron  from 
the  valence  to  tire  conduction  band  is  the  energy  of  the  gap  A  E.  The 
energy  of  a  light  quantum  is  the  frequency  of  the  lights  multiplied  by 

Planck  s  constant  h.  The  wavelength  A  o  of  the  photoconducting  thres¬ 
hold  is,  therefore.: 


A  o  - 


v 


o 


11V/ 


Ae 


whtie  c  is  the  velocity  of  light.  The  maximum  energy  that  can  raise  an 
electron  to  the  conduction  band  from  the  valence  band  is  the  energy  dif¬ 
ference  between  the  bottom  of  the  valence  band  to  the  top  of  the  conduc- 

exriHnl  ;  AU  ^  6nergieS  between  h  U  o  h  Vma*.  are  capable  of 
exciting  some  electrons  across  the  energy  gap,  increasing  the  number 

of  current  carriers  in  both  the  valence  and  conduction  bands,  thereby 
contributing  to  the  photoconducting  process. 

3.  5.  9  N  and  P  Carrier  Pairs 


n.  ,  YhGn  R  semiconducto?  crystal  is  excited  by  photons,  and  the 
ab^oibed  energy  is  greater  than  the  energy  of  the  forbidden  energy  gap 
electrons  from  the  valence  band  are  excited  into  the  conduction  band 
ci  eating  N  and  P  type  carrier  pairs  that  would  normally  not  be  there  in 
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thermal  equilibrium.  As  long  as  the  extra  pairs  exist,  the  conductivity 
of  the  crystal  increases.  The  rate  at  which  pairs  are  created  will  be 
proportional  to  the  number  of  suitable  quanta  incident  on  the  crystal. 
Usually,  the  extra  electrons  and  holes  do  not  stay  separated  for  long. 
They  recombine  by  the  aid  of  at  least  two  methods.  A  conduction -band 
electron  finds  a  hole  in  the  valence  band  and  loses  energy  to  return  to 
the  original  lower  energy  level.  The  rate  at  which  extra  N  and  P  type 
carriers  recombine  will  determine  the  average  time  these  carriers  can 
spend  in  the  conducting  state. 

5* 10  Life  Times  of  Charge  Carriers 


On  a  pure  crystal  the  average  time  spent  by  the  charge  carriers 
in  the  conducting  condition  and  the  average  time  for  recombination  are 
the  same.  However,  if  localized  energy  levels  exist  in  an  impure  cry¬ 
stal  then  a  portion  of  the  time  of  the  charge  carriers  may  be  spent  in 
these  levels  (called  traps)  and  only  intermittently  are  the  carriers  free 
to  conduct.  The  "life  time"  of  the  carriers  is  defined  as  the  average 
time  which  the  charge  carrier  spends  in  the  conducting  conditions, 
while  the  recombination  time  is  defined  as  the  average  time1"  the  carrier 
stays  in  the  excited  states  of  motion  which  includes  the  time  spent  in 
temporal y  localized  positions  at  traps.  Thus,  the  recombination  time 
is  always  greater  than  or  equal  to  the  life  time. 

Since  the  lifetime  of  a  carrier  is  measured  only  by  the  average 
time  extra  carriers  remain  in  the  conducting  condition,  the  trapping  of 
a  carrier  by  a  recombination  center  ends  the  life  of  the  carrier  even 
though  that  carrier  may  have  to  wait  for  a  carrier  of  opposite  type  to 
complete  the  recombination  reaction;  so  it  is  not  unexpected  to  find  the 
lifetimes  of  the  two  carrier  types  differing  by  significant  amounts.  One 
type  of  carrier  usually  waits  for  the  other  in  a  recombination  center. 

The  spectral  sensitivity  of  a  photoconductor  is  seen  to  extend 
between  the  long  wavelength  threshold  (the  wavelength  corresponding  to 
the  energy  gap),  and  the  wavelength  where  hV  extends  from  the  bottom 
of  die  valence  band  to  the  top  of  the  conductor  band.  When  W  extends 
between  the  center  of  the  valence  band  and  the  center  of  the  conduction 
band,  the  excitation  probability  is  largest. 
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3.6  Photoconductive  Cells 


Photoconductive  cells  may  be  made  with  semiconductors  of  either 
conductivity  type  and  in  a  number  of  configurations  as  shown  in  Figure  26. 
These  include  the  high  resistivity  bar,  the  point  contact,  and  several 
junction  configurations.  Not  illustrated,  but  shown  later,  are  film  types 
having  either  evaporated  or  chemically  deposited  layers.  Photoconductors 
use  external  power  supplies  (bias),  and  the  fundamental  process  involved 
is  the  modulation  of  the  conductivity  of  a  PN  junction  or  bar  of  semicon¬ 
ductor  material. 

The  spectral  response,  D*,  and  frequency  response  character¬ 
istics  of  many  materials  have  been  investigated  and  are  the  subject  of 
continuing  investigation.  In  the  development  of  infrared  detectors 
several  approaches  have  been  employed.  They  are  based  on  the  selec¬ 
tion  of  materials  whose  electrical  properties  are  such  that  they  will 
have  a  long  wavelength  threshold  beyond  three  microns,'  and  on  increas¬ 
ing  the  wavelength  cutoff  of  a  material  having  an  intrinsic  cutoff  in  thq 
visible  or  near  infrared. 

3.  6. 1  Spectral  Response 


Photoconductive  cells  may  be  separated  into  three  broad  cate¬ 
gories  according  to  the  temperature  at  which  they  are  operated.  Detec¬ 
tors  sensitive  at  room  temperature  include  Lead  Sulfide  (PbS),  Lead 
Selenide  (PbSe),  Lead  Telluride  (PbTe),  and  Indium  Antimonide  (InSb). 
Figure  27  shows  the  typical  absolute  spectral  response  of  the  detectors. 
It  should  be  noted  that  the  detectivity,  D*,  at  the  peak  of  the  spectral 
curve  is  at  least  100  times  greater  for  PbS  than  for  the  other  room  tem¬ 
perature  detectors.  As  an  order  of  magnitude  figure,  D*  (-,  90, 1)* 
at  the  peak  for  PbS  is  10^  cm/watt;  for  room  temperature  PbSe  it  is 
109  cm/watt. 


The  second  group  contains  those  detectors  which  show  optimum 
sensitivity  in  the  liquid  nitrogen  region.  Those  available  include  PbTe; 
PbSe;  Germanium  (Ge)  doped  with  gold  (Au)  and  Antimony  (Sb);  Ge  doped 
with  Au  (referred  to  as  Ge:Au);  InSb.  All  but  Ge:Au  have  a  long  wave¬ 
length  threshold  in  the  5  to  7  micron  region.  Ge:Au  has  a  response 
extending  to  9.  5  micron.  Its  sensitivity  when  operated  at  liquid-nitrogen 
temperature  is  comparable  with  the  other  detectors  in  this  group;  when 
cooled  10°  to  15°  further,  its  sensitivity  surpasses  the  other  detectors 


*D*  (-,  90,  1)  -  means  measurements  made  at  90  cps  with  a  I  cps 
bandwidth  with  monochromatic  radiation. 
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in  this  group.  Figure  28  shows  the  absolute  response  of  several  of  these 
detectors  it  should  be  noted  that  D*  (-,  90,  1)  at  the  peak  is  of  the 
order  of  10™  cm/watt  for  these  detectors.  There  are,  of  course,  varia¬ 
tions  among  the  detectors  produced  by  one  company  as  well  as  among 

those  produced  by  different  companies.  These  variations  are  less  than 
an  order  of  magnitude. 


,  , ,  ,  Th.e  thl*'d  6rouP  contains  those  detectors  which  should  be  opera- 

ed  beiow  liquid  nitrogen  temperature.  They  are  sensitive  in  the  9  to 

,f*‘fr0w  a,n.>  b,e,y0nd'  J‘lcluded  in  0518  S™up  are  Ge  and  Germanium- 
silicon  Ge  -  Si)  alloys  with  various  impurities.  Figure  29  shows  the 

spectral  curves  of  Ge  detectors  with  different  impurities.  Au  and  Sb 
impurities,  when  added  in  proper  proportions,  produce  Oil  detectors. 

~u  impurities  alone  lead  to  the  9.  5/i  response,  Sb  and  Zinc  (Zn)  im- 
punhes  combined  extend  the  cutoff  to  15U  ,  Zn  alone  to  40ft  ,  and  Sb 
alone  to  120 fu.  .  As  the  spectral  response  extends  to  longer  wavelengths 
lower  and  lower  temperatures  are  required.  Thus,  the  6^  detector6  ’ 

°Je  °n  fUrther  C°°ling  below  liquid  nitrogen  temperature, 
dm  5 U  detector  improves  by  a  factor  of  4  when  the  temperature  is 
lowered  an  additional  10°  to  15°,  the  15JU  detectors  require  a  tempera- 
ture  of  about  50  K,  and  the  40 fJ.  and  120 detectors  should  be  operated 
at  liquid  helium  temperatures. 

3*6.2  Signal  and  Noise  Characteristics 

,  £  addition  to  the  criteria  of  detectivity  (D*)  and  long  wavelength 

cutoff  the  magnitude  of  the  signal  and  noise  of  a  detector  must  be  con¬ 
sidered.  To  make  full  use  of  detector  characteristics,  operating  condi¬ 
tions  must  be  such  that  detector  noise  and  not  equipment  noise  limits 

e  performance.  This  is  accomplished  in  a  photoconductive  detector 
by  increasing  the  bias  current  to  the  point  at  which  the  S/N  ratio  starts 
to  decrease  with  further  increase  in  current.  This  is  the  optimum  bias 
cunent.  In  film  detectors,  the  S/N  ratio  decreases  slowly  when  the 
optimum  current  is  exceeded.  An  increase  in  the  current  by  a  factor  of 
5  may  lead  to  a  drop  in  the  S/N  ratio  of  only  30%.  The  bulk  Ge  detectors 
show  a  much  more  rapid  drop  in  the  S/N  ratio  when  the  optimum  current 
is  exceeded.  In  well-constructed  Ge  detectors,  however,  bias  currents 
of  100  microamps  are  common,  in  contrast  with  currents  of  about 
1  to  10  microamps  for  film  detectors  of  the  same  area  In  order  to 
make  possible  a  rapid  calculation  of  both  detector  signal,  S,  and  detector 
noise,  N,  under  normal  operating  conditions,  it  is  suggested  that  the 
signal  factor,  Js,  and  the  noise  factor,  Jn,  be  specified. 
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Fig-are  28  -  Absolute  Spectral  Response  of  Cooled  Detectors 
(Liquid- Nitrogen  Temperature)  (Ref.  32) 
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Figure  29 


Both  S  and  N  for  the  optimum  operating  current  may  be  deter¬ 
mined  by  the  relation 

S  =  Js  ‘  Rn  •  E  T  =  s  (optimum  current) 

s  Rll  E 

N  =  Jn  •  Rn 


Jn 


_  n  (optimum  current) 


Rll 


NEP  =  Jn 
Js 

where  R^  is  the  parallel  detector- load  resistance  combination  and  E 
is  the  energy  falling  on  the  detector.  In  order,  to  indicate  by  what  factor 
both  signal  and  noise  may  be  increased  to  allow  for  a  30%  drop  in  S/N 
ratio,  the  factor  may  be  placed  in  parentheses  following  Js.  Thus, 

Js  (4)  would  indicate  that  if  one  allows  a  decrease  in  S/N  by  30%,  the 
signal  level  may  be  increased  by  a  factor  of  4.  Well  constructed  9.  5 
Ge  detectors  have  so  far  given  the  largest  values  of  Js  (0.  05  amn/watt 
and  larger);  for  film  detectors,  the  values  of  Js  are  of  the  order  of 
0.  01  amp/watt. 

3-  6.  3  Time  Constant  &  Frequency  Response 

Signal  and  noise  dependence  on  frequency  is  more  involved  than 
are  the  preceding  parameters.  Two  methods  are  currently  used  to 
determine  the  speed  of  response  of  a  detector.  The  first  consists  of 
flashing  radiation  pulses  on  the  detector  and  observing  the  rise  and 
decay  of  the  photosignal.  The  second  consists  of  varying  the  chopping 
frequency  and  observing  the  resulting  changes  in  detector  signal.  When 
the  decay  in  signal  is  exponential  after  the  radiation  source  is  removed, 
as  indicated  in  Figure  30  a  time  constant  may  be  defined  and  both 
methods  yield  the  same  result  for  the  time  constant.  The  exponential 
decay  is  frequently  not  the  case.  PbSe  and  PbTe  detectors  exhibit  a 
combination  of  a  rapid  decay  of  the  order  of  10  to  20  microseconds, 
and  a  slow  decay  of  the  order  of  several  hundred  microseconds,  as 
indicated  in  Figure  31.  In  the  most  desirable  PbTe  or  PbSe  detectors, 
the  slow  component  should  be  completely  absent  or  should  contribute 
no  more  than  10%  td  the  signal.  In  addition  to  multiple  time  constants, 
many  detectors  have  a  wavelength  dependent  decay  behavior.  This  makes 
it  vital  that  frequency  response  measurements  be  made  with  radiation  in 
the  spectral  region  in  which  the  detector  is  to  be  used.  PbTe  frequently 
has  a  slow  decay  characteristic  in  the  1.  5^a  region.  The  9.5^  Ge  de¬ 
tector  has  a  slow  component  extending  up  to  1.  5x.,  and  the  6^  Ge  de¬ 
tector  has  several  slow  components  extending  up  to  2.  5^ .  The  use  of 
properly  selected  filters  will,  of  course,  reduce  these  effects.  Beyond 
1.  5^,  the  9.  5 >uGe  detector  has  a  time  constant  less  than  1  microsecond. 


89 


FREQUENCY  IN  CPS 


Figure  30  -  Determination  of  Time  Constant  for 
Exponential  Decay.  (Ref.  32) 
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3*  4  Noise  Spectrum 

resnnnJhrLT1Se  Specfrum  of  a  detector>  in  addition  to  its  frequency 
soectra  for  seva ‘"f8!  ?  f ' ^  °f  aPPlicability.  Figure  32  shows  noise 
s^ctrum  Mol  detectors-  PbTe  detectors  have  a  l/f  noise-power 
,  P;  ,  m'  N°  6  power  111  PbSe  also  decreases  with  frequency  increase 
but  not  atorapidly  as  l/f.  This  makes  PbSe  useful  if  employed  in  con- 
juncticm  with  a  circuit  with  a  response  which  extends  to  low  frequencies 

a™fo^TeemMt  iD*  T  ffeqUenCy  iS  "0t  as  Pronoanced  f°r  Ptee 
noise  with  1  f  tyP<!  detectors  exhibit  generation-recombination 
oise  y  ith  a  frequency  dependence  exactly  the  same  as  the  signal 

nosadihle°tn’  they.  exli/bit  1/1  noise  at  the  lower  frequencies.  if  is  now 
ossible  to  construct  9.  5  Ge  detectors  in  which  no  l/f  noise  anoears 

fector Is  thqsenriieS  l0HW6f  ttan  10  CPS'  Tile  Value  of  D*  for  ttis  de- 
ctor  is  thus  independent  of  frequency  over  the  frequency  region 

normally  used.  However,  l/f  noise  has  not  been  eliminated  to  the 

same  degree  in  the  other  types  of  Ge  detectors.  Because  of  the  low 

dependence  ^  detect0rS’  there  is  “complete  data  on  its  frequency 


3.  6.  5  Construction  of  Cooled  Detectors 

The  wide  use  of  cooled  detectors  makes  it  desirable  to  describe 

s enTi fCOhS  r UiVi°h  and  t0  analyze  016  effect  of  coolant  temperature  on 
sensitivity.  All  have  a  Dewar  type  of  construction.  The  various  tvpes 

(PbTe  andapbSSerwhableiK  Sh°Wn  “  FlgUre  33'  In  filnl  type  detectors 
(PbTe  and  PbSe),  where  the  sensitive  element  is  either  an  evaporated 

or  chemically  deposited  layer,  the  material  may  be  deposited  directly 
on  die  inner  Dewar,  or  on  glass  plates  which  are  later  cemented  onto 
he  inner  Dewar  war.  Well  defined  areas  are  possible  when  the  sensi¬ 
tive  layer  is  exposed  to  the  atmosphere  after  deposition.  When  this  is 
not  done  the  well  defined  area  obtainable  in  many  possible  configurations 

/onsTs/oH  sb°c70fmrWhat  baUer  se,lsitivity-  sinele  crystal  detectors 
consist  of  a  slice  of  Ge  or  indium  antimonide  (InSb).  In  the  case  of  Ge 

desired  impurities  are  added  during  crystal  growth.  The  Ge  sample  is 
substrate!°  *  ^  "  Cemented  directly  to  a  ^  sa^phTe 

detectors  Such  as  PbSe,  PbTe,  InSb  and  6^c  Ge  have  their  charge 
carrier  density  determined  by  background  radiation  at  the  operating 
temperature  and  are  not  sensitive  to  small  temperature  fluctuations 
Liquid  nitrogen  or  oxygen  may  be  used  as  satisfactory  coolants  As  the 
long  waveieiigth  threshold  is  extended  to  (U,  as  for  toe  9“e  detector 
e  chaige  density  at  liquid  nitrogen  temperature  is  no  longer  determined  ' 
only  by  toe  background  radiation  but  also  by  the  coolant  temperature 
i  luctuations  in  coolaD'  temperature  may  lead  to  noise,  unless  toe  thermal 
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A,  B,  C,  D  show  Dewar  vacuum  bottle  method  of  cooling. 
E,  F,  G  are  details  of  cell  mountings  to  the  substrates. 


Figure  33  -  Types  and  Shapes  of  Cooled  Cells 
(Ref.  32) 
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°fv‘he  s,ens!tive  element  is  kept  sufficiently  high.  Any 
„  J  above  h4U!d  nitrogen  temperature  leads  to  a  decrease  in 
sensitivity,  so  that  contamination  with  oxygen  would  be  harmful. 

EnSmeering  improvements  on  presently  available  detectors 
«nd  die  search  for  new  materials  which  lead  to  detectors  with  diffe’o  t 

££?££" *” 


3.  7  Photovoltaic  Detectors 


Another  photoelectric  property  of  semiconductors  is  the  photo¬ 
voltaic  effect,  wherein  an  electromotive  force  (emf)  is  generated  when 
light  (ultraviolet,  visible,  and  IR)  falls  on  a  PN  junction  or  a  metal - 
semiconductor  contact  The  generated  voltage  may  be  used  as  a  sensi¬ 
tive  element  to  drive  a  photographic  exposure  meter,  as  a  solar  battery, 
or  as  a  radiation  detector  for  military  applications. 

3.  7.  1  Generation  of  EMF 

In  a  photovoltaic  cell,  an  emf  is  generated  when  light  is  absorbed 
in  a  rectifying  contact  or  PN  junction.  Figure  34  illustrates  the  physics 
behind  the  photovoltaic  process  in  the  case  of  a  PN  junction.  The  junc¬ 
tion  is  considered  to  be  initially  in  equilibrium  with  no  external  bias 
applied.  The  absorption  of  a  photon  in  the  barrier  with  production  of  an 
electron-hole  pair  initiates  the  process.  The  resulting  particles  are 
separated  by  the  built-in  field  of  the  barrier,  with  the  electron  drifting 
into  the  N-type  end  of  the  structure  and  the  hole  drifitng  into  the  P-type 
end.  The  two  regions  thus  become  oppositely  charged,  and  an  emf 
appears  at  the  terminal  contacts  of  the  PN  structure.  Current  can  thus 
be  generated  to  flow  in  an  external  circuit  as  long  as  the  irradiation  of 
the  junction  continues. 


The  separation  of  charge  in  the  photovoltaic  process  is  such  as 
to  charge  the  N-type  region  minus  and  the  P-type  region  plus.  This 
charging  polarity  is  such  as  to  bias  the  PN  junction  forward.  If  no  cur¬ 
rent  is  drawn  in  the  external  circuit,  the  open  circuit  terminal  voltage 
builds  up  until  the  junction  is  sufficiently  forward  biased  to  pass  forward 
current  corresponding  to  the  rate  at  which  new  carriers  are  liberated 
by  photon  absorption,  and  separated  by  the  barrier  field.  If  the  external 
load  is  made  finite,  the  generated  photocurrent  divides  between  the  ex¬ 
ternal  circuit  and  the  internal  barrier  shunt. 

.3,  7.  2  Spectral  Response 


The  spectral  response  of  a  photovoltaic  cell  is  the  same  as  that 
of  a  photoconductive  cell  of  the  same  material.  This  is  true  since  the 
quantities  involved  in  the  photoliberation  of  electron -hole  pairs  are  the 
same  in  both  cases.  One  material  used  is  6^  diffused  InSb. 

The  same  physical  process  occurring  in  PN  junction  voltaic  cells 
take  place  also  in  metal -to-semiconductor  contact  photovoltaic  cells. 
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Diagram  -  Photovoltaic  Effect 


3.  8  Photoelectromagnetic  Detectors  (PEM) 

Photoelectromagnetic  detectors  operate  in  the  following  manner. 
A  thin  conducting  strip  is  placed  in  a  uniform  magnetic  field.  Four 
contacts  are  applied  to  the  strip  as  shown  in  Figure  35.  If  a  beam  of 
light  normal  to  the  magnetic  field  illuminates  the  surface  of  the  strip 
a  voltage  appears  across  the  strip  along  the  axis  that  is  perpendicular 
to  both  the  magnetic  field  and  the  beam  of  light.  When  radiation  falls 
on  the  strip,  extraP  and  Ntype  carriers  are  generated  at  the  point  of 
absorption  of  the  radiation.  If  it  is  assumed  that  the  radiation  is  prac¬ 
tically  all  absorbed  near  the  first  contact,  the  existence  of  carriers  at 
one  end  and  the  absence  of  extra  carriers  at  the  other  will  lead  to  a  dif¬ 
fusion  of  carriers  to  equalize  the  inhomogeneous  distribution.  The  dif¬ 
fusion  current  tends  to  be  deflected  by  the  magnetic  field  withP-type 
carriers  deflected  one  way  and  N-type  carriers  the  other  so  that  a 
voltage  is  generated  across  the  other  two  contacts.  The  voltage  venera¬ 
ted  at  right  angles  to  the  diffusion  current  forms  the  signal  voltage  of 
the  photomagnetbelectric  effect. 


The  signal  voltage  persists  as  long  as  diffusion  current  flows 
and  disappears  as  soon  as  the  flow  ceases. 

3-  1  Signal  Decay  Dependence  on  Carrier  Life  Times 


The  decay  of  the  signal  is  governed  by  a  different  process  than 
the  photoconductive  and  photovoltaic  modes.  The  decay  of  the  signal  in 
the  other  two  modes  depended  upon  the  recombination  of  the  extra  free 
charge  carriers  while  the  decay  of  the  signal  in  the  PEM  mode  depends 
upon  the  extinction  of  the  diffusion  of  carriers  even  though  the  carriers 
may  still  exist  in  the  separated  state.  If  a  material  has  a  short  life 
time  carrier  of  P-type  and  a  long  life  time  carrier  N-type,  then  the 
decay  of  the  PEM  signal  would  be  governed  by  the  short  life  time  of 
the  p-type  carriers.  The  reason  is  that  the  diffusion  depends  upon  both 
carrier  types  moving  along  together.  If  the  center  of  charge  of  the  P~ 
type  carrier  cloud  becomes  separated  from  the  center  of  charge  of  the 
LL type  carrier  cloud  by  more  rapid  diffusion,  an  electric  field  will  be 
generated  which  would  tend  to  prevent  further  separation.  Therefore 
if  the  P-type  carriers  become  stuck  in  deep  traps,  the  N-type  earrier, 
cloud  is  stuck  also  by  virtue  of  the  growth  of  a  retarding  field  in  the 
direction  of  diffusion. 

3.  8  Indium  Antimonide  as  PEM  Detector 

Currently,  the  only  material  which  has  been  shown  to  be  com¬ 
petitive  as  an  infrared  detector  operating  in  the  PEM  mode  is  crystal¬ 
line  indium _  antimonide.  Typical  detectivity  D*  (-,  90,  cps,  I  pps) 

of  1.  9  x  10  cm/watt  has  been  attained,  and  the  time  constant  is  less 
than  1  microsecond. 
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Photoemissive  Detector 


Photoemissive  tube  operation  is  somewhat  similar  to  the  photo- 
detectors  previously  described.  A  photocathode  (emitter)  and  an  anode 
are  placed  in  an  evacuated  tube.  A  potential  difference  between  anode 
and  photocathode  causes  emitted  electrons  to  flow  to  the  anode. 

The  electrons  of  the  photocathode  are  excited  by  the  absorption 
of  photons.  When  a  photon  is  absorbed,  it  gives  up  an  amount  of  energy 
equal  to  h;P  to  an  electron.  The  excited  electron  is  transported  to  the 
surface  of  the  photocathode,  and  if  the  absorbed  energy  hy  is  greater 
than  Ew  the  energy  difference  between  the  top  of  the  electron  distri¬ 
bution  and  the  potential  barrier,  (also  called  work  function),  the  elec¬ 
tron  will  be  emitted  into  the  evacuated  space. 

u  toe  excitation  occurs  at  some  distance  within  the  emitter,  a 
further  condition  must  be  satisfied,  namely,  that  the  loss  of  energy 
uring  transport  between  the  point  of  excitation  and  the  surface  must  be 
small  enough  so  that  when  the  electron  reaches  the  surface  it  still  has 
an  energy  greater  than  Ew  and  can  be  emitted.  This  condition  must  be 
satisfied,  and  unless  it  is,  the  quantum  efficiency  of  the  emitter  will  be 
low  inasmuch  as  only  those  electrons  excited  near  the  surface  can 
escape.  This,  together  with  optical  reflection  loss,  is  the  reason  why 
metals  in  general  are  poor  emitters. 

3.  9. 1  Semiconductor  Photoemitters 


All  efficient  photoemitters  are  semiconductors.  A  characteris¬ 
tic  of  a  semiconductor  is  that  the  valence  electrons  completely  fill  the 
valence  band  as  shown  in  Figure  36.  Between  the  valence  band  and  the 
conduction  band,  there  is  a  forbidden  energy  region  (in  the  absence  of 
impurities)  where  electrons  cannot  exist.  In  the  diagram  this  gap  is 
designated  as  Eg.  The  potential  of  the  space  surrounding  the  photo- 
eimtter  is  above  that  of  the  bottom  of  the  conduction  band  by  an  amount 
Ea,  This  energy  difference  is  known  as  the  electron  affinity. 

3.9.2  Minimum  Energy  for  Photoemission 

Foi  photoemission  to  occur,  the  excited  electrons  must  receive 
from  die  absorbed  photons  an  energy  equal  to  or  greater  than  Eg  plus 
*2;  1116  enersy  %  of  the  forbidden  band  is  greater  than  the  electron 

affinity,  an  electron  excited  within  the  material  to  an  energy  only  slightlv 
greater  than  Eg  plus  Ea  can  move  through  the  material  to  its  surface 
with  only  a  small  loss  of  energy.  This  is  because  electrons  cannot  exist 
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Figure  36  -  Photoemitter  Energy  Diagram 
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in  the  forbidden  band,  and  therefore  the  smallest  amount  of  energy 
which  can  be  accepted  by  a  valence  electron  is  Eg,  An  electron  having 
the  energy  Eg.  +  Ea  does  not  have  energy  enough  to  give  up  an  amount 
of  eneigy  Eg  to  another  valence  electron.  During  the  transport  there 
will  be  some  loss  of  energy  by  the  electrons  because  of  scattering. 
However,  this  loss  is  relatively  low  sothat  semiconductors  with  small 
electron  affinities  may  be  very  efficient  photoemitters. 


The  lowest  work  functions  which  have  been  achieved  are  close 
to  1  electron  volt  (ev).  Hence,  the  wavelengths  that  can  be  detected  by 
photoemissive  tubes  are  restricted  to  the  near  infrared. 

3.  9.  3  Image  Tubes 


Photoemission  detectors  such  as  the  image  tube,  made  up  of  a 
semitransparent  photocathde  whose  emission  is  electrostatically  focused 
onto  a  phosphor  viewing  screen  have  been  used  as  near  infrared  imaging 
devices  in  the  Sniperscope  and  Snooperscope.  The  photocathode  of  the 
image  tube  is  made  up  of  a  sensitized  semitransparent  film  of  silver- 
oxygen-cesium  on  the  end  window.  Similar  cathodes  are  frequently 
used  in  phototubes,  certain  types  of  photomultipliers  and  similar  devices. 
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3. 10  Infrared  Sensitive  Films 

infraredTdeteSiord3nfhCatS  7  ph?tographic  £ilm  have  been  used  in  near 

and  Call  applif tions  in  serial  reconnaissance 

Photographs  llds  fnforr^  '  °f  mfrared  and  achromatic  film 
1v  7  Ia  lniormation  concerning  camouflage  and  tvnpc  nf 

■  vis,MeIaandeSUrare0df  “Zw0"  °1  spectral  reflectance  between  the 

1  ed*  Also  mfrared  penetrates  the  atmosphere  better. 

withspeS6*^ 
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crystoltf alllFb^  siteer Slide6  * 

to  form  fte  latent  imaae8  ^7*7  fd  depoSit  metallic  sUver 
f  image.  The  spectral  absorptivity  of  the  dve  fhprp- 

further'into  the  tefraredtr wouldSf  °f  infrareci  fUm'  Film’sensitized 

could  be  used  ,,  °g  at  r00m  temPeratures  before  it 

tion  and  storage  ?  fUm  is  ^refere  °"e  of  produce 

3-11  jnfrared  Quenching  of  Phosphors  (Ref.  31) 

With  a  p!rtfoulaf  CX"  T’  “  WiU 

h>e  phosphor  will  glow  witt  re^taS  T^p“ 

Phosphor  is  illuminated  by  infrared®  ergy  of  proper  ^ave  enfrT, 

Plate  ba  ^  aa  -  .rnage 

M?lareedVandtetTonCth‘aCt  photographic  Plate  after"  exposure1”  to  ' 
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3. 12  Tabulation  of  Infrared  Transducers 


Table  VIII  gives  a  tabulation  of  infrared  transducers  in  terms 
of  their  modes  of  operation.  Table  IX  indicates  the  operating  parameters 
of  a  number  of  infrared  detectors.  Improvement  of  the  various  types 
presently  available  and  the  search  for  new  materials  is  the  subject  of 
continuing  effort.  (Ref.  32,  33). 


104 


3 

o 

•rH 

4-J 

3 

o 


" c 


«h  a 

•r-f  4-J  ' 
r— <  <1  \ 

a  a 

< 


i 

o 

4-4 

o 

a 

ft 

a 

3  3 
3  CD  ' 

•rH 
r-ft  »— f 

erf  a 
O  •'-' 
■3  ±j 
■+j  tJ 


>> 

-4-1 

3 

0 

ftl 

O 

3 

ft 

bOl 

3 

■  r-( 

o 

T3 

CO 

a 

erf 

3 

ft 


0) 

rd 

4-> 

3 

•»-< 


a 

o 


erf 

to 
0 
G 

it 

a.® 
><i  a 
0 


0) 

3 

3 

CO 


ho 

erf 

Fh 


ho, 

3 

•rH 

o 

3 

a 

CO 

3 

erf 

Fh 

ft! 


r-H 

erf 

t!  o  j= 

H5— i  ‘H 

0  a 


G 

erf- 


3 

O 

G 


a 


CO 

erf 

ho 


o  a 

CO  CD 

co 

ho  o 

3  ft 

■fH  O 
rD  0 
Fh  0) 
O  ^ 
CO  £ 

a  ft 
<  £ 


Fh  <h  Fh 
O  O  O 


3 

o 

•  rH 

4-> 

cl  >> 

CJ  r-H 
■rH 

ft  erf 

r-H  ^ 

a  co 

S  3 

erf  a 
n  a 

I  s 


4-4  CO 

CO  CL) 
Fh  Trf 

•rH  tH 

erf  > 


ho  o 

erf  Fh 


Fh 

O 


_  V 
aft 
a > 


“  erf 

G  tM 

d  u 

S1  w 

w  bo 

Fh 
•rH 

a 

Fh 
O 


S  g 


O 

s 


erf 

s 

Fh 

0 


CU 
Fh 
P 
CO 
CO 

co  a) 


(-h 

r  .  rQ  r*H  (-4 

ft  erf  aft 


co 

<0 

o 

etf 


I 

ft  1 

C3  ^ 

5  a  o 
5  erf 

CO  eti  tfH 

erf  hn 
ho  2P  3 
ft  co 

CO  ft  „ 

*  -Ss 

W  go 


co 
cd  a 
Fh 

a  4-> 

ft  G 

°  3 

ft  .5, 


I 

O 


CO 

ho 

a 

■rH 

4-> 

O 

0 

ft 


0 

o 


0  co  o  >>, 

g  w  m  crf 

^  Crf  4->|  r-H 

O 

0 


T 3 
crf 

ft 

bO 

3 


3  crf  +-> 

gag 


j5  2 

o  <0 

ft  s 


crf 

0 

•rH 

4-> 

§ 


a 

•rH 

a 


4-4 

o 

3 

O 

■rH 

to  0 

q  >> 

erf  0 

a  ^ 

0  rQ 

ft  ^ 

crf  0 

q  > 
c  ^ 

ft  ft 

H  o 


Fh  crf 


O 

8 


crf 


3  ft 
o  ^ 

Fh  a 

£  £  - 
S-S  £  §• 

2  2  Fh  ° 

ft  *  crf 


■a 

o 

p 

CO 


a  O 


O 


3 

a 


c 

ft  o 

crf 

+H  3 
3  -<h 

2? 


°  a  3 
°  ft  ft* 

r~}  3  H<I 
3^0 


H 

0 

rH 


Fh 

0 


T5 


0 

s 

O 

ft  s 


3 

a 


o 


0 

8 

u  rn 

0  ^ 
■h  o 
3  a 

0  H— 1 
H — 1  0 

E 


4H 

O 

3 

O 

•rH 

-4-J 

3 

3 

O 

§■ 

0  s 
.  >— < 
‘ — I  ‘r-H 

3  ^ 
ft  T3 


0 

3 

0 

ft 

•i — ! 

Q 


a 


0 

a 


3 

0 

H-> 

0 

s 

o 

H-> 

•rH 

co 

3 

0 

Q 


r>n 

a 

0 

ho 

crf  3 

fi.2 

’rH  -ftJ 

rH 

S-h  rrj 

ft  3 
3  ^ 

ft  73 

O  £ 

bo  crf 

3  F< 

ft  ft 
a  ft 
o 

3  3 
0  3 


m 


0 

3 


3 

O 

0  >> 
>  3 


I 

a 

3  0 

4-4 

3  3 
O  3 

4-4 

a  co 

ft  a 

3  3 


a 


4-4 

3 

a 

a  ^ 

0'  3 
CD  3 

°,  O 

1  H-4 


CO 


S" 


O 


■rH 

4H 


o 

co 

ho 

3 


3  a 

ft  ^ 

a  ° 

ft  CO 


a 

3 

3 

hO 

O 

3 

O 

a 

3 

> 


©  o 

H-ft 
<U  HJ 

ft  a 
ft  ho 
3  ft 
.3  ,_H 
0 

3  r-H  0 

0  a  bo 

>  '3  3 

r— (  CO  rH 

•H  -rH  3 
CG  >  ft 


0  jh 

ft  o 

%  u 

Fh  C3 

hOft  _ 
O  ' - '  -*-4 

+4  O 

9  g  0 

ft  a  ft 

ft  4H  0 


3 

0 

4-1 

0 

s 

o 

4-4 

•rH 

co 

3 

0 

Q 


a 

© 

ho 

3 

S  c 

•5  O 

M  -rH 
jj  H— 1 

3  crf 

0  a 

h-4  y 
3  crf 

r-H  Fh 

o  a 

3  h 
O  crf 

ft 

3 

■rH 

3 
3 
0 
3 


G 

3 

a 

o 

3 

ft 


£  0 
a  ^ 

a  rf-j 

0  u 

X  ho 

S3 

0  3 

a  ° 

•rH  C0 

a 

3 

a 
© 
3 

IRU  crf 

■H  3 
CO  ‘H 


3 

a 

3 

0 

> 


G 

•rH 

a  ^ 
a  a 

ft  u  0 

3  ft5  tsl 

hoft  ft 

ft 

o  3  “ 

rH  M 

ft  ft  <0 

ft  M-h  CO 


3 
O 

3  a 


©  o 

4-4  3 

3  a 

r-H  3 

a  o 

G  ^ 

•r4  3 

0  -ft  g 
4-4  a  y 
0  3  g 

P  F  H 

ft  O  ^ 
£  oft 

ft  a  £ 


0  rH 

G  3 

5:3  ft 

0  -Jj 

G  3 

w  a 

©  ft 
3  crf 

•rH  H 

8  a 
3  © 
-H  3 
4H  3 
O  3 

.  'M 

ho  q 

3  •H 


a  3 

G  3 


0 

3 


3 

0 

ft  >, 

o  a 


5h  f 
O  3 
f+H  3 

^  +4 

3  ft 

a  >» 

a^ 

o 

aft 

a-- 

©  x 

a  ©  ft 

S'ft-ft3 

r-4  r-4  r-H 

o  s  0 

3  3ft 

a  x  ft 

CH  ©  > 


a 

© 

a 

G 

3 

0 


3 

O 

a 

a 

CO 


r>  a 

G  a 


105 


TABLE  VHI  -  (continued) 
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TABLE  IX 


Uncooled  Lead  Sulphide 
300  deg.  K  (+27  deg.  C) 

Cooled  Lead  Sulphide 
233  deg.  K  (-40  deg.  C) 

Cooled  Lead  Sulphide 
90  deg.  K  (-183  deg.  C) 

Uncooled  Lead  Selenide 
300  deg.  K  (+27  deg.  C) 

Cooled  Lead  Selenide 
90  deg.  K  (-183  deg.  C) 

Uncooled  Lead  Telluride 
1  300  deg.  K  (+27  deg.  C) 

\\ 

Cooled  Lead  Telluride 
90  deg.  K  (-183  deg.  C) 

Uncooled  Indium  Antimonide 
(PEM)  293  deg.  K  (+20  deg.  C)' 

Cooled  Indium  Antimonide 
90  deg.  K  (-183  deg.  C) 

Cooled  Gold-Doped  Germanium 
90  deg.  K  (-183  deg.  C) 

Thermistor  Bolometer 
300  deg.  K  (+27  deg.  C) 

Pneumatic  (Golay)  Detector 
300  deg.  K  (+27  deg.  C) 

Evaporograph 

Ferroelectric  Bolometer 
300  deg.  K  {+27  deg.  C) 


Spectral  Response 
(Microns) 


0.  25  to  2.  5 


0.  25  to  3,  6 


0.  25  to  4.  5 


Time  Constant 
(Seconds) 


0.  7  to  4.  5 


0.  5  to  6,  5 


0.  5  to  3.  5 


0.  5  to  5.  5 


0.  5  to  5.  5 


0.  5  to  5.  5 


0.  5  to  8.  5 


1  to  1000 


0.  25  to  1000 


0.  7  to  1000 


0.  5  to  1000 


Electrical  Bandwidth  Detectivity 
(CPS)  (Watts-1) 


Noise  Equivalent  Area  Limiting 

Power  NEP  (Watts)  (mm2)  Noise 


2 x  1011  5  x  10'12 


0.  25  to  200  Current 


5  x  1011  2  x  10' 


Current 


1,2x101! 


7.  7x  10- 


Current 


3.  8  x  109  2,6x10' 


Current 


4.  8  x  109 


2.  1  x  10' 


Current 


Current 


2,  3  x  10- 


4.  4  x  10' 


Current 


2  x  10' 


5  x  10' 


0.  5  to  2  |  Current 


3  x  1010 


3  x  10’ 


Current 


6.3xl09  1.6xl0-10 


Current 


2  x  10( 


5  x  10' 


0.  2  to  25  Johnson 


1.  6  x  10^9  6  x  10  11  Temperature  } 

At-0.  1C  to 

A'IV2000C  R  adiatio 

5.  5  x  1q1®  1.  8  x  10  11  0.  25  and  up  Johnson 


R  adiation 


4  CHARACTERISTICS  OF  IMAGE  FORMING  AND  DISPLAY 

PRESENTATIONS 


4. 1  Methods  of  Display 


The  means  of  infrared  displays  are  as  varied  as  the  equipment 
with  which  they  operate.  Logical  groupings  of  equipment  may  be  made 
based  on  display  methods  which,  in  turn,  are  determined  by  how  rapidly 
the  data  must  be  processed  and  how  much  information  about  the  target 
is  needed.  In  a  training  application  where  a  warning  that  an  object  is 
approaching  from  a  particular  sector  may  be  all  that  is  necessary;  on 
the  other  hand,  a  photograph  of  the  sector  may  be  wanted  with  all 
possible  detail.  A  sample  grouping,  may  be  as  follows:  (Ref.  34). 


Date  Type 

Target 

Variables 

Display 

Representative  Equipment 

Transient 

one 

Neon  flash 
lamp  pips 

Gun-sight. 

Proximity  Warning 
Indicator, 

Transient 

many 

Cathode -ray 
Tubes 

Air-to-air-Search. 
Battlefield  Surveillance. 

Permanent 

one 

Oscillograph 

Railroad  T,hot  box*’ 
Detector.  Rapid  Scan 
Spectrometer. 

Permanent 

many 

Film 

Air-to-ground  Mapper. 
Commercial  Camera. 

In  practice  more  than  one  display  method  may  be  used  in  an 
equipment:  one  for  visual  monitoring  and  another  for  permanent  records 
for  future  study.  For  the  purposes  of  this  report,  emphasis  will  be  on 
data  presentation  in  the  form  of  images  as  opposed  to  meter  indications, 
audio  signals  and  lamps  used  as  indicators. 

4.  2  Cathode  Ray  Tubes  (CRT) 

For  high  resolution  image  display  the  cathode  ray  tube  excels  in 
the  infrared  field  as  it  does  in  other  applications  such  as  radar  and 
visible  light  TV.  The  variety  of  display  techniques  in  infrared  is  about 
as  great  as  those  associated  with  radar,  but  none  are  as  complex  as 
radar  since  the  active  elements  are  not  needed. 


4.  2.  1  Display  Variations 


own  in  °phlsllcated  lnfral'ed  CRT  displays  have  a  complexity  of  their 
own  In  early  warning  systems,  other  information  may  be  displayed 

sernndSroaS V11  °ry'odata  ‘r0m  supporting  radar,  television,  or  a 
second  IR  set  responding  to  other  wavelengths.  Memory  or  variable 

persistence  tubes  are  useful  for  target  enhancement  by TntegXn  of 

tonsTp ^^SaCmbayttitandCeUati0?  °f  "0iSe-  SystemJsu^e^to  varia- 

for  nitch  and  In  a  n’  af  ab°ard  ship>  can  have  disPlay  corrections 

andSt  and  re  T*®1*  eleCtricaU?  shifting  the  raster  up  and  down, 

thrnuifl  of  1  ,ft  11  hf0Se  systems  Where  the  IR  scanner  moves 

tvne  of  die  .rcu  ar  djta  fledd  view  die  plan-position-indicator  (PPI) 

into  four  ennee  ^  ■  bee"  “Sed'  An  interesting  variation  splits  the  scope 

historv  of  the  th  nC  rmgS’  eacl1  ring  belonging  to  a  different  scan.  The 

narison  wi  h  th  PrV1°US  SCa"S  iS  then  always  available  for  com- 
parison  with  the  most  recent  trace. 

4.  2.  2  Line  or  Raster  Scan 

The  CRT  display  by  intensity  modulated  line  scan  or  raster  scan 
IS,  however,  the  most  common  for  those  applications  with  which  this 
report  is  concerned.  For  visual  display,  the  raster  scan  is  unexcelled 
nd  unique  scanning  systems  have  been  devised  to  take  advantage  of  this 
type  of  display.  Resolutions  of  the  order  of  3000  efements  per  Hue  are 

totomSblv8  nn  aS  Capability  °f  P™* Ring  rapid  motion 

intelligibly.  Utilizing  the  eye's  integrating  effects,  moving  images  may 

be  displayed  with  stationary  background  removed.  Special  elpctronic 

switching  circuits  reversing  the  polarity  of  each  frame  displayed  have 

been  developed  to  achieve  this  result.  The  intensity  modulated  line 

scan  used  with  a  moving  film  strip  is  the  basis  for  the  familiar  aerial 

mapper  or  reconnaissance  device.  The  raster  scan  is  also  used  with 

a  synchronized  camera  to  obtain  a  permanent  record  of  the  images. 

The  distortions  due  to  use  of  a  curve -faced  CRT  with  a  flat  film 
surface  has  been  the  subject  of  much  research.  Another  problem  in 
transposing  the  image  from  the  tube  face  to  the  photographic  film  is 
the  loss  of  light.  Using  the  best  photographic  equipment  it  has  been 
shown-ihat  only  one  per  cent  or  less  of  the  light  emitted  from  a  point 
on  the  phosphor  finds  its  way  to  the  film  (Ref.  35 ).  About  45%  of  the 
lig  t  emitted  is  not  received  by  the  photographic  system  and  is  conse¬ 
quently  wasted  while  the  remainder  appears  as  a  halo  to  the  emitting 

culhodttube  face.1”16™"1  refleCti0nS  at  the  glass-ai*'  ^torface  of  the 
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4.  2.  3  Fiber  Optics  (Ref.  36 ) 


These  difficulties  could  be  overcome  by  the  use  of  a  bundle  of 
glass  fibers  as  the  face  plate  of  a  cathode  ray  tube.  The  emitting  phos¬ 
phor  would  be  deposited  at  one  end  of  the  fibers  while  a  photographic 
film  in  intimate  contact  with  the  exit  end  of  the  fiber  bundle  would 
receive  from  70  to  90  per  cent  of  the  emitted  light  without  distortion. 
This  technique  called  T’fiber  optics’’  is  based  on  the  fact  that  light 
entering  the  end  of  a  glass  rod  is  unable  to  escape  out  through  the  sides 
because  of  total  internal  reflections.  There  is  no  substantial  change 
until  the  diameter  of  the  rod  or  fiber  becomes  comparable  to  the  wave¬ 
length  of  light,  say  five  or  ten  microns.  If  these  glass  fibers  are 
gathered  into  an  orderly  array  they  will  transmit  an  image  by  breaking 
it  up  into  separate  components.  These  components  are  transmitted  in¬ 
dependently  from  one  end  of  the  array  to  the  other.  However,  where 
two  glass  fibers  come-  within  a  half  wavelength  of  light  of  each  other, 
some  light  will  leak  from  one  fiber  to  the  next.  By  insulating  each  fiber 
from  another  by  a  thin  jacket  of  transparent  material  whose  index  of 
refraction  is  lower  than  that  of  the  fiber  this  problem  is  minimized. 
Further  jacketing  of  the  fiber  with  a  thin  highly  reflecting  metallic  film 
has  also  been  found  valuable. 

Tubes  with  fiber  optic  faceplates  capable  of  the  70  -  90%  light 
transmission  mentioned  previously  are  still  in  developmental  stages, 
but  flexible  fiber  bundles  can  be  used  with  presently  available  cathode 
ray  tubes  to  achieve  almost  comparable  results  to  fiber  optic  face¬ 
plate  tubes.  Fibers  50  microns  in  diameter  are  most  convenient  for 
flexible  bundles,  but  larger  size  fibers  can  also  be  made.  In  small 
fused  assemblies,  bundles  can  be  made  whose  individual  fibers  are 
substantially  less  than  50  microns,  but  these  are  not  flexible.  By 
means  of  tapered  fibers,  tapered  bundles  can  be  made  to  produce  mag¬ 
nification  or  demagnification  of  an  image.  By  "scrambling”  the  fibers 
a  different  pattern  from  the  image  can  be  displayed.  With  the  proper 
"decoding”  pattern  the  original  image  may  be  reproduced. 

In  multi-element  detector  arrays  time  sharing  or  multiplexing 
is  sometimes  used  in  channelling  the  signals  through  the  electronic  cir¬ 
cuitry.  If  the  images  as  received  were  displayed  as  a  single  line  scan 
on  a  CRT,  fiber  optics  could  be  used  in  place  of  electronic  multiplexing 
to  unscramble  the  image  at  the. photographic  film  surface.  The  end  of  the 
bundle  at  the  film  would  have  to  be  scanned  in  synchronism  with  the  orig¬ 
inal  scanning.  One  way  this  might  be  done  is  by  scanning  the  bundle 
across  the  film  as  the  film  moved  at  right  angles  to  the  bundle  scanning 
motion. 


Figure  37  illustrates  some  of  the  methods  discussed  above. 
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b.  Film  Scanning 


Figure  37  -  Examples  of  Uses  of  Fiber  Optics 


4.  3  Glow  Tubes 
4-  3.  1  Direct  Viewing 

With  their  flat  frequency  response  from  dc  to  150,  000  cds  neon 
glow  tabes  have  become  one  of  the  more  widely  used  methods  of  r’e- 

SST,  °ne.meth0d>  used  *  conjunction  with  a  scanned 
os  am  or  multiple  element  array,  has  a  bank  of  neon  glow  tubes  which 

rastPr  fV1GWed  directly‘  There  is  a  lamP  for  each  detector  element  "  The 
raster  type  scan  produces  an  image  similar  to  a  TV  presentation  since 

ie  lamp  s  intensity  is  modulated  by  the  detector  it  represents  in  pro 

by  tte  deteCt0r-  OnePmumple“etector 
with  H  U  £ ,  the,.Navy  has  an  oscillating  presentation  mirror  phased 
wtlf,  the  radiometer's  line  of  sight.  To  the  observer,  the  lamps  appear 

nates  miT  P°Si.ti0nS  corresP°ndillg  to  the  actual  target  coordi- 

watched^th  a  irUmStanC6S  PreV6nt  direCt  viewing-  the  lamP=  can  be 
watched  with  a  television  camera  or  a  scanning  phototube. 

advantage  nfVe  T  tS  USefne0n  glow  tubes  in  configurations  to  take 
advantage  of  the  persistence -of- vision  effect  of  the  eye. 

4.  3.  2  Film  Methods 


The  more  common  use  of  neon  glow  tubes  is  in  conjunction  with 
Photographic  film.  Single  glow  lamps  scanned  by  some  m  chaScal 
mirror  system  can  produce  a  raster-type  image  patterns  a  photo- 
graphic  plate.  The  Thermograph  is  an  infrared  camera  wherein  the 
lad  ome  er  makes  a  raster  scan  over  the  field  of  view.  Coupled  to  the 
back  of  the  large  panning  mirror  is  a  small  mirror  that  causes  the  image 
of  the  modulated  neon  lamp  to  sweep  across  a  Polaroid  iiim  in  direct  g 
con espondence  with  the  radiometer's  position. 

One  airborne  mapper  has  a  line  of  fixed  detectors  oriented  at 

liar  lie'll6  thl°athe  airf.craffl;  heading-  D“ing  flight,  a  strip  of  ground 
?  1  1  °  ircraft  path  ls  viewed  by  system  which  is  known  as  a 

pushbioom  scanner.  The  display  uses  multiple  neon  lamps  (one  for 

at  fvelnr0!101  ^  right  angles  to  ^hoto^phic  film  that  is  moving 

°eity  proportional  to  the  aircraft  ground  speed.  The  need  for 

individual  neon  tubes  arises  because  it  is  not  always  possible  or  desirable 
to  combine  multiple  sources  into  a  single  channel.  The  use  of  switching 
devices  needed  for  single  channel  operation  requires  each  output  to  be 
sampled  once  per  dwell  time  with  no  signal  distortion.  The  sequential 
timmg  stability  required  may  create  complexities  which  overcome  the 
savings  due  to  single  channel  operation. 


Ill 


4.  4.  Infrared  Film 


under  pIlfeTcLZcUoT tlT"  °f  fU“  are 

while.  Visual  aerial  mapping  LferffrnmT  °f/tS  USG  W0Uld  be  worth‘ 
as  do  ordinary  cameras  T in rW  u  f  the  effects  of-  atmosphere 
aerial  reconnaissance  be  °r  Ught-cloud  conditions  visual 
ol  near  infrared  photographic  film  rtthC ^®sfully  accomplished  by  use 
optical  filters.  For  gSd  reconnaTs^  Ught  ‘°SS  ass°ciated  with 
consideration  would  apply  For  shiH  .^5  surveillance,  the  same 
undergoing  training,  ^active  systm  c  ‘T“?eId  “aneu^s  of  troops 
picture  camera  might  prove  useful  The  3  near  IR  motion 

with  actire — ^  , 

A  A  1  'tp 


4.4.1  Infrared  Photograph  Limitation 


though  dyes  to  make  longer  wavelength  film-  d  t0  the.near  mfrared  al- 
tion  is  practical.  If  the  film  is  to  hf  are  avalIable-  The  limita- 

slight  exposure  to  infrared  radiating  of  ahsonably  sensitive,  then  only  a 
required  to  form  an  image  It  has  he!  proper  wavelength  should  be 
to  three  microns,  tiJXaue  nr  el  °Wn’  for  fil“  sensitive  out 
temperature  would  be  sufficient  to  fog*!? befe™!0"  °f  thlS  film  at  ro°“ 
problem  is  not  one  of  dev  sing  he  in  6  “  Could  be  used-  The 

factoring  longer  wavelength  unexposilmm^^  oi<  nSth  fllm’  but  of  manu- 
techniques  are  carried  out  at  room  temperature ice  current  photographic 
chance  of  a  simple  approach  to  the  extension  of  tr  Seems 
wavelengths.  A  new  sensitizing  means 7s rZZ  f  photograPhy  to  longer 
triggered  at  selected  times  bvL?!  alled  for>  one  that  can  be 

electric  or  acoustic  fields.  As  yet  this^sVwid^3  ^  GXternal  m‘^netiC> 

y  mis  is  a  wide  open  area  of  research. 


4.  5  Image  Tubes 


An  image  tube  is  defined  for  purposes  of  this  report  as  an  infra¬ 
red  sensing  device  that  has  simultaneous  read-in  (compared  to  sequen- 
ia.1  or  other  methods  of  read -in)  and  simultaneous  read-out.  Thus  the 
ransducer  obviously  has  to  be  of  a  size  which  covers  the  total  field  of 
view.  The  infrared  image  is  converted  at  all  points  simultaneously  by 
means  to  be  discussed  into  a  visible  image  for  visual  observation  or 
photographic  film  preservation. 

4-  5.  1  Photoemissive  Image  Tubes.  (Ref.  37) 


The  most  familiar  image  tubes  are  those  that  operate  on  the 
p  otoemissive  principle  discussed  in  previous  sections.  Thus  these 
tubes  are  limited  to  the  near  infrared  region.  The  1P25A  is  probably 
the  most  familiar  of  this  class  as  it  is  the  transducer  for  the  Sniper- 
scope  and  Snooperscope  equipments  of  World  War  II. 

Sasmally^  aii  infrared  tube  is  an  evacuated  cylindrical  glass  tube, 
one  end  of  which  is  coated  with  a  silver-oxygen-cesium  photoemissive 
surface  known  as  S-l  while  the  other  is  coated  with  a  phosphor  screen. 

,,  1Sur®  v  •  Radiation  incident  on  the  photoemissive  surface  causes 
e  photoelectrons  to  be  emitted  in  a  density  pattern  equivalent  to  the 
incident  radiation  image.  These  photoelectrons  are  accelerated  toward 

Bhteot0S^°rrr^n,and  Sven  added  energy  fey applying  a  high  dc  voltage, 
6  to  20  KV.  In  addition,  the  electrons  are  focused  by  either  an  electro¬ 
static  or  a  magnetic  field  to  form  an  electron  image  on  the  phosphor 
screen  The  phosphor  converts  the  electron  image  to  a  visual  image 
whose  brightness  distribution  is  equivalent  to  the  radiance  distribution 
m  re  original  infrared  image.  Since  the  photoemissive  surface  responds 
to  quanta  and  not  to  thermal  effects,  the  resultant  infrared  and  visual 
images  are  similar  to  other  images  formed  by  reflected  light. 

4.  5.  2  Focusing  Method 


...  .  As  ,lndicated;  the  electron  optics  used  to  form  the  electron  image 
within  the  image  tube  can  be  either  electrostatic  or  magnetic.  At  the 
present  time,  most  image  tubes  are  electrostatically  focused  ac  the 
power  and  size  requirements  for  this  mode  are  very  much  less  than  for 
magnetic  locus.  Originally,  intermediate  focusing  electrodes  were 
required;  latests  designs  are  unipotential. 
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The  tighter  electron  beam  with  resultant  improved  resolution  of 
the  magnetic  focusing  mode  is  the  goal  of  several  military  development 
programs.  The  major  bottleneck  has  been  the  unavailability  of  small, 
lightweight  permanent  magnets,  sufficiently  strong  to  create  the  neces- 
ary  field  strengths  to  control  the  accelerated  electrons. 

4.  5.  3  Read-out  Phosphor 

The  read-out  phosphor  used  in  military  image  tubes  is  the  P-20, 
zinc-cadmium-sulfide,  which,  although  producing  a  yellow-green  picture, 
is  the  most  efficient  phosphor  in  converting  the  electron  energy  into 
visible  light.  This  phosphor  has  short  persistence,  so  that  moving  ob¬ 
jects  may  be  seen  clearly  without  smearing.  If  desired,  long  persistent 
phosphors  or  phosphors  of  other  compositions  may  be  used  to  obtain 
different  output  characteristics. 

4.  5.  4  Overall  Sensitivity 


The  overall  sensitivity  or  gain  of  an  infrared  image  tube  is 
measured  in  terms  of  its  "conversion  index".  The  conversion  index 
is  determined  by  projecting  one -tenth  (0.  1)  lumen  of  2870°K  color 
temperature  radiation  from  a  tungsten  lamp  onto  the  photoemissive 
surface.  A  long-pass  infrared  filter  with  cutoff  at  0.  8  microns  elim¬ 
inates  all  visible  radiation.  The  lumen  output  of  the  phosphor  is  then 
measured;  the  ratio  of  the  output  to  input  flux  is  the  conversion  index 
of  the  tube.  The  1P25A  had  a  conversion  index  of  less  than  0.  5,  but 
improvements  in  photoemissive  surface  sensitivity,  increased  opera¬ 
ting  voltages,  and  increased  phosphor  sensitivity  have  resulted  in 
tubes  with  conversion  indices  as  high  as  40. 

Examples  of  the  newer  tubes  are  the  6914  and  6929.  These  are 
compared  in  Table  V  with  the  1P25. 

Quite  a  few  variations  of  the  basic  image  converter  have  been 
proposed  and  experimentally  developed.  (Ref.  38).  Most  are  concerned 
with  image  intensification  of  low  level  visible  radiation,  although  one 
has  been  developed  for  ultraviolet  radiation  and  another  for  X-ray  use. 
The  modes  of  operation  would  be  applicable  to  infrared  radiation  since 
the  basic  principle  is  photoemission. 

4.  5.  5  Image  Intensification  Methods 


Methods  of  intensification  include  demagnification  of  images, 
cascading  of  image  tubes,  either  by  using  two  tubes  or  one  tube  using 
elements  of  two  tubes,  electron  multiplication  by  secondary  emission 
schemes,  and  image  intensification  by  an  optical  feedback  technique. 


TABLE  X 


COMPARISON  OF  1P25  WITH  6914  AND  6929 


1P25 

6914 

6929 

Length 

4.  6  inches 

2.  75  inches 

2.335 

Diameter 

1.  7  inches 

1.  75  inches 

1.375 

Operating 

Voltage 

4000  volts 

16,  000  volts 

12KV 

Intermediate 

Focusing 

Electrodes 

3 

None 

None 

Magnification, 
Cathode  to 
Phosphor 

0.  5 

0.8 

0.  75 

Resolution 

8  line  pairs/ 
mm 

28  line  pairs/ 
mm 

30 

Conversion 

Index 

0.4 

30 

20 

S-l  Photo 

Surface 

20-30  ua/lm 

30-40  ua/lm 

30-40.ua/li 
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All  these  devices  are  experimental,  and  have  not  reached  the 
stage  where  they  can  compete  with  the  6914  as  many  technical  problems 
have  yet  to  be  solved. 

The  standard  television  camera  tube,  the  image  orthicon  has 
been  tried  as  a  near  infrared  device  with  a  near  IR  photoemitting  sur¬ 
face.  Manufacturing  techniques  have  not  arrived  at  the  point  where  this 
surface  can  be  applied  consistently  since  processing  methods  have  a 
tendency  to  damage  th'e  IR  photo  surface.  However,  several  image 
orthicons  have  been  developed  with  image  intensifiers  built  into  the  front 
end.  These  tubes,  known  as  the  intensifier  image  orthicon,  were  de¬ 
veloped  for  low-light-level  TV  and  are  under  study  by  Engineer  Research 
and  Development  Laboratories  at  Fort  Belvoir.  Success  of  these  tubes 
would  surely  lead  to  attempt  to  make  near  -  IR  -  intensifier  image 
orthicon  tubes  which  would  solve  quite  a  few  problems  in  night-time 
viewing  for  battlefield  surveillance. 
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4.  6  Absorption  Edge  Effect 


That  part  of  the  spectral  response  curve  of  a  semiconductor 
w  ere  the  detectivity  falls  off  or  "cuts  off"  is  known  as  the  "absorption 
edge"  since  it  represents  the  edge  of  the  region  beyond  which  the  semi¬ 
conductor  does  not  absorb  energy.  In  many  semiconducting  materials, 
the  position  of  this  edge  with  respect  to  cut-off  wavelengths  is  a 
function  of  the  temperature  of  the  material.  This  was  borne  out  in 
previous  discussions  as  a  means  of  extending  the  spectral  response 
region  by  cooling  the  semiconducting  material.  In  an  optical  sense  the 
absorption  edge  may  be  regarded  as  a  transmission  edge.  Thus  the  wave 
length  at  which  the  detectivity  of  a  semiconductor  falls  off  is  that  wave¬ 
length  at  which  it  starts  to  transmit.  If  radiation  of  a  particular  wave¬ 
length  were  incident  on  a  semiconductor  whose  absorption  edge  included 
this  wavelength,  part  of  the  radiation  would  be  absorbed  and  the  rest 
transmitted.  Cooling  the  semiconductor  shifts  the  absorption  edge  so 
tnat  a  greater  percentage  of  the  incident  radiation  is  absorbed  and  less 
transmitted.  This  characteristic  was  used  by  the  British  to  develop  a 
thermal  imaging  tube. 

4.  6.  1  Absorption  Edge  Image  Tube  (AEIT) 

The  absorption  edge  image  tube  was  developed  by  the  British 
Services  Electronic  Research  Laboratories  (SERL)  by  using  a  unique 
property  of  amorphous  selenium.  Where  other  semiconducting  materials 
have  an  absorption  edge  that  shifts  into  the  longer  wavelengths  with 
cooling,  amorphous  selenium  has  an  absorption  edge  that  shifts  to  longer 
wavelengths  on  heating.  Also,  its  absorption  edge  is  very  steep,  occur- 
i  ing  in  the  visible  region.  The  sodium  D  lines  are  just  inside  the  ab¬ 
sorbing  legion  with  some  small  percentage  of  transmission  due  to  the 
slope  and  curvature  of  the  edge  (Figure  39)  depending  on  the  thickness  of 
the  selenium.  If  a  thermal  image  were  incident  on  a  thin  selenium  layer, 
the  warmer  parts  of  the  image  would  cause  localized  heating  of  the 
selenium.  These  warmed  areas  would  become  more  opaque  to  sodium 
light  also  incident  on  the  selenium  and  a  dark  thermal  image  could  be 
made  visible  to  the  eye  by  proper  optics. 

Figure  40  shows  the  arrangement  of  the  absorption  edge  image 
tube. .  Sodium  light  is  viewed  by  transmission  through  a  metallized 
selenium  layer.  The  selenium  layer  is  made  very  thin.  A  thermal 
image  is  impressed  on  theselenium  layer  by  a  reflecting  mirror 
through  a  sodium  chloride  window,,  Since  the  soldium  light  is 
transmitted  better  by  the  cool  parts  of  the  selenium,  the  visible  thermal 
image  is  dark.  The  thin  metal  film  on  the  sodium  light  side  of  the 
selenium  layer  causes  much  of  the  incident  infrared  radiation  to  be  ■ 
absorbed  by  the  combination  layer  of  proper  thicknesses  in  which  the 
radiation  meets  the  selenium  first.  (Ref.  39). 
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39  -  Absorption  Edge  Effect 


Figure  40  Absorption  -  edge  Image  Tube 


4-  6.  2  Edgegraph  Image  Tube 

.  1?!.ed?tgTl^?h  WaS  develoPed  under  Project  Michigan  as  a  var- 
ation  of  the  AEIT  to  get  better  performance  and  a  more  psychologically 

is  ying  image  of  brighter  image  areas  representing  warmer  target 
areas.  (Ref.  41).  ° 

Figure  41  shows  the  difference  between  the  edgegraph  and  AEIT. 
The  selenium  is  coated  with  a  gold  film  to  increase  the  amplitude  of 
the  back  reflected  ray  to  the  point  where,  at  ambient  temperature 
neariy  complete  cancellation,  due  to  selected  selenium  thickness,  occurs 
between  the  rays  reflected  from  the  front  and  rear  surfaces.  This  the 
unexposed  selenium  film  appears  dark.  If  exposed  to  infrared  radiation 
the  temperature  of  the  selenium  layer  varies  locally  causing  the  shift  ’ 
in  absorption  edge.  The  areas  of  increased  absorption  (warmer  areas) 
decrease  the  amplitude  of  the  back  reflected  ray  and  the  front  reflected 
ray  appears  as  a  bright  spot  coinciding  with  the  warmer  areas  of  the 
hermal  image.  There  is  an  added  advantage  in  this  mode  of  operation 
compared  to  the  AEIT  as  studies  have  shown  that  the  eye  can  detect 

grounds  d^rk11683  dlfferences  (lower  contrast  ratios)  where  the  back- 
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4,  7  Other  Displays 


4.  7.  1  Evaporograph  (Ref.  42)  (Figure  42) 

The  Evaporograph  is  a  direct  thermal  imaging  device  using  the 
change  in  rate  of  evaporation  or  condensation  due  to  localized  heating  of 
an  oil  film  by  infrared  radiation.  Figure  42  shows  the  details  of  the  cell. 
The  sequence  of  operation  is  as  follows. 

The  optical  system  gathers  infrared  radiation  from  the  field  of 
view  and  forms  an  image  of  the  field  on  the  membrane.  A  special  coat¬ 
ing  on  the  front  surface  of  the  membrane  absorbs  this  radiation  and 
changes  the  temperature  from  point  to  point  in  accordance  with  the 
amount  of  radiation  received  by  each  portion  of  the  membrane.  A  heat 
"picture"  is  thus  impressed  on  the  membrane.  These  point  to  point 
temperature  variations  alter  the  thickness  of  an  oil  film  being  condensed 
on  the  rear  side  of  the  membrane.  Thus  temperature  differences  are 
resolved  into  differences  in  oil  thickness.  A  white  light  shining  on  the 
membrane  is  caused  to  be  reflected  as  different  colors  giving  a  visible, 
colored  thermal  image  of  the  entire  field  of  view.  The  colors  have  no 
relation  to  the  visible  colors  of  the  objects,  but  are  "interference" 
colors  and  refer  only  to  temperatures. 

The  radiant  power  from  an  object  will  remove  oil  at  a  certain  rate 
from  the  membrane,  as  follows:  Hat  =  KXa 

where  Ha  =  radiant  power  of  the  image  (irradiance),  watts/m2 
t  =  time,  seconds 
K  =  constant 

Xa  =  oil  thickness  removed  (arbitrary  units) 

The  irradiance  from  the  background  or  surroundings  will  remove 
oil  at  some  other  rate: 

Hbt  =  KXb 

The  difference  in  radiant  power  will  then  create  an  oil  film  thickness 
difference 
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Details  of  Evaporograph  Cell  from  Baird  Associates,  Inc. 
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where  H  =  net  irradiance,  watt/ nr 

X  =  oil  film  thickness  difference 

The  range  of  temperatures  being  observed  determines^the  method  of 
operation  employed.  Radiation  from  objects  above  8Q  C  will  be  suf¬ 
ficient  to  cause  evaporation  of  the  oil  film  at  a  rate  greater  than  the 
rate  of  condensation;  whereas,  below  80°C  the  rate  of  condensation  is 
merely  retarded.  In  the  evaporograph  method  for  temperatures  above 
80°C  the  shutter  is  kept  closed  for  several  seconds  to  allow  an  initial 
oil  film  to  deposit.  Then  radiation  from  the  field  of  view  causes  evap¬ 
oration  as  a  function  of  the  image. 

In  the  condensograph  method  for  temperatures  below  80°C,  the 
shutter  is  left  open  during  the  entire  cycle  as  the  radiation  is  not  great 
enough  to  evaporate  away  the  oil  film;  merely  great  enough  to  alter  the 
rate  of  condensation. 

In  both  methods,  a  clearing  light  is  used  to  evaporate  all  the  oil 
from  the  membrane  as  a  means  of  wiping  off  an  old  image  before  viewing 
a  new  one. 

Time  required  to  form  an  image  is  dependent  upon  temperature 
differences.  The  formation  of  the  image  of  a  man  at  room  temperature 
(  A  T  =  30°F)' requires  about  15  seconds;  a  hot  soldering  iron 
(  A  T  =  600°F)  requires  a  fraction  of  a  second. 

A  commercial  instrument  known  as  "Eva"  is  produced  by  Baird 
Associates,  Inc.  Its  principal  uses  are  the  measurement  of  temperature 
differences  for  inspection  purposes,  insulation  studies,  and  detection  of 
hazardous  area  "hotspots"  by  remote  monitoring. 

4.  7.  2  Expandograph  (Ref.  41) 

Another  thermal  image  tube  under  development  by  Project  Michigan 
utilizes  the  change  in  physical  dimensions  of  matter  with  temperature. 

The  local  expansion  of  a  single  or  multiple-layer  membrane  in  the 
neighborhood  of  an  infrared  image  is  used  to  produce  a  distortion,  which 
appears  as  a  dimple  in  the  surface  of  the  membrane.  Since  extremely 
small  surface  distortions  can  be  detected  optically,  very  small  tempera¬ 
ture  differences  (less  than  1°C)  can  be  detected  in  this  way.  The  speed 
of  response  is  comparable  with  that  of  the  edgegraph,  but  the  resolution 
achieved  thus  far  is  inadequate  for  practical  use.  It  is  interesting  to 
note  that  resolution  can  be  traded  for  sensitivity  by  the  simple  expedient 
of  changing  the  tension  in  the  membrane.  This  is  conveniently  accomp¬ 
lished  by  applying  a  dc  heat  bias  to  the  membrane. 
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4"  8  Color  Translation 

T"  i  *  *«* » 

organizations,  the  most  familia^0^/1^  been  lnVestigated  by  several 

■r.  J‘ar..r,'; 

Physical  phenomena  and  processes  thmp *  g  °f  the  undei-lying 

larly  complicated  in  daylight  where  both !L«  ,esses  become  particu- 
involved.  (Ref.  43).  y  8  ’  WR  e  oth  reflection  and  emission  are 
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4‘  9  ^Comparison  of  Resolution  and  Contrast  of  IR  fmagiup-  Devices 

„  .  .  A  comparison  of  characteristics  of  infrared  sensitive  detecting 
sume^Sh  rC6S’  nUCh  aS  SpeCtral  resPonse  and  detectivity,  ere- 

consideration6  resTi  T  deflned'  b  characteristics  under 
Part  nf^he  rt  ffi,  n  ,  anh ^contrast,  the  definitions  are  quite  varied. 

,  f  faculty  lies  in  the  different  applications,  and  methods  of 

ti0°  0Tr  “nlCt  l6CUrtn  diSplay;  an0ther  dUficulty  is  that  the  evalua¬ 
tion  of  resolution  and  contrast  of  the  display  is  subjective. 

4-  9-  1  Definitions  of  Resolution 

time  constant  or^frenn,  ^  described  for  a  detector  cell  in  terms  of  its 
ume  constant  or  frequency  response.  A  detector  with  a  time  constant 

of  1  millisecond  will  have  a  frequency  response  of- 


f  =: 


± 


2*r 


i 


2*  x  10-3  =  159  CPS 


and  will  be  able  to  resolve  318  bits  of  information  per  second. 

. . Res°lution  can  also  be  described  in  terms  of  a  solid  angle  nro- 
jected  through  an  optical  system.  A  cell  combined  with  an  optical  svstem 
may  be  described  as  having  a  resolution  of  1/4  degree  by  1/4  degree 
or  example;  this  resolution  is  dependent  upon  the  size  of  the  cell  and 
the  optical  system  characteristics. 

If  some  means  oi:  scanning  to  provide  a  raster  disDlav  is  em 
ployed,  resolution  may  be  given  as  lines  per  millimeter  (mm)  lines 

Actually’  televiS10n  practice>  lines  per  frame  or  picture,, 

fnnih  Uy’  ,  SCan  rates  are  taken  int0  consideration,  this  is  just 
other  way  of  expressing  the  frequency  response  of  the  system. 

As  a  function  of  range  resolution  can  be  defined  as  the  maximum 
distance  at  which  two  points  are  resolvable  as  two  separate  points  In 
this  case,  the  optical  system  may  be  the  controlling  factor  as  the  circle 
of  confusion  due  to  aberrations  may  limit  the  resolution. 

Systems,  using  individual  cells  or  arravs  of  cells  such  as 
photoconductors,  bolometers,  thermocouples,  etc.,  have’resolutions 
etermined  by  cell  size  and  frequency  response.  This  is  really  resolu- 
.1°"  m  teri"s  of  blts  of  information  per  second.  The  cell  size  in  con¬ 
junction  ^th  the  optical  system,  determines  the  angular  size  of  the  bit 
and  the  frequency  response  determines  the  number  of  thpse  bits  the  ’ 
system  can  detect  in  a  second.  ~ 
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4.  9.  2  Resolution  in  Terms  of  a  Common  Reference 


Comparison  of  system  resolutions  are  difficult  because  of  these 
several  methods  of  defining  resolution.  Conversion  to  some  common 
reference,  such  as  bits  per  second,  is  necessary.  This  conversion  re¬ 
quires  that  much  more  information  be  given  than  is  usually  supplied. 

For  instance,  an  airborne  reconnaissance  system  whose  resolution  is 
specified  as  1/4  degree  would  have  to  provide  lowest  usable  altitude 

maximum  aircraft  velocity,  and  total  field  of  view  to  permit  conversion 
to  bits  per  second. 


This  is  also  true  of  raster -type  systems  where  resolution  is 
given  in  terms  of  elements  per  picture  or  elements  per  mm.  Scan  rate 
information  is  needed  to  convert  to  bits  per  second.  A  TV  picture  with 
a  resolution  of  500  elements  per  line  can  be  said  to  have  a  resolution 
of  500  x  500  or  250,  000  elements  in  one  frame  time  or  1/30  second. 

This  is  equivalent  to  7,  500,  000  bits  of  information  per  second.  It  is 
much  greater  than  anything  achievable  to  date  by  optical -mechanical 
systems  using  thermal  or  photoconductive  detector  cells.  At  present 
these  systems  have  resolutions  less  than  100,  000  bits  per  second. 

(This  comparison  may  explain  why  there  is  such  great  interest  in 
developing  thermal  image  tubes  which  can  be  electronically  scanned  to 
provide  higher  resolutions  over  wider  spectral  regions. ) 

4-  9.  3  Resolution  of  Direct  View  Image  Tubes 

Resolutions  of  direct  view  image  tubes  seem  to  be  as  good  as 
that  of  electronically  scanned  image  devices.  A  comparison  in  terms 
of  bits  per  second  is  difficult,  as  there  are  no  scan  rates  involved. 
Comparison  is  best  carried  out  by  means  of  one  of  the  standard  resolu¬ 
tion  charts  in  terms  of  resolvable  lines  per  mm.  The  6929  image  tube 
(see  Section  4.5)  has  a  resolution  of  30  lines  per  mm  or  better  than  750 

h.n^nper  lnch-  The  multiplier  vidicon  (see  Section  5.  3. 1)  has  a  resolution 
of  400  lines  per  inch. 

The  frequency  response  of  the  direct  view  tube  such  as  the 
6929  is  considered  in  relation  to  moving  targets.  It  determines  the 
limiting  orthogonal  velocity  an  object  can  have  relative  to  the  optical 
axis  of  the  image  tube  and  still  be  seen.  This  is  also  true  of  electronically 
scaring  image  devices.  The  range  of  velocities  usually  encountered  are 
veil  within  the  imaging  capabilities  of  these  devices. 


4.  9.  4  Effect  of  S/N  on  Resolution 


In  the  above  discussion,  an  important  factor  affecting  resolu¬ 
tion  has  been  ignored.  This  factor  is  the  signal -to -noise  ratio  (S/N), 
Any  comparisons  made  without  taking  S/N  into  consideration  is  almost 
meaningless.  As  a  rule,  low  signal-to-noise  ratios  cause  a  degradation 
of  resolution.  Comparisons  of  systems  should  be  made  under  equivalent 
signal-to-noise  conditions.  A  TV  system  operating  at  low  signal  levels 
could  conceivably  have  a  poorer  resolution  than  an  optical -mechanical 
system  operating  at  optimum. 

This  last  factor  makes  any  comparisons  of  systems  on  the 
basis  of  relative  resolution  and  contrast  very  difficult  since  informa¬ 
tion  relating  resolution  to  signal  strength  is  not  usually  given. 

4.  9.  5  Image  Quality 

Actually,  resolution  and  contrast  are  only  two  of  several  factors 
involved  in  any  consideration  of  an  image.  The  term  '’image  quality"  is 
used  often  to  describe  a  picture;  this  has  been  based  on  seven  factors- 
(Ref.  45). 

1.  Brightness  or  overall  illumination  level. 

2.  Size  and  shape  of  the  images. 

3.  Visual  noise. 

4.  Contrast  (Brightness  range  between  small  adjacent  areas). 

5.  Contour  formation  (Brightness  must  change  sharply  for 

contour  to  appear. ) 

6.  Sharpness  (Depends  on  both  image  and  eye.  Resolution 

functions  as  a  limiting  factor  for  sharpness  -  it  is 
resolved  lines  which  are  not  sharp.  However,  reso¬ 
lution  does  not  determine  sharpness.  Barely  resol¬ 
vable  lines  may  or  may  not  be  sharp.  This  is  im¬ 
portant  since  it  implies  that  resolution  cannot  be 
the  sole  determinant  of  the  value  of  a  system  in 
terms  of  being  able  to  produce  images  of  good  quality. ) 

7.  Background  Complexity. 

Schade  (Ref.  46)  made  one  of  the  first  attempts  to  bring  some 
order  out  of  this  contusion  Qy  a  Detailed  analysis  of  the  factors  deter¬ 
mining  image  quality.  His  work  and  that  of  others  (Ref.  47)  are  only 
beginnings  in  a  field  still  requiring  a  great  deal  of  further  study. 
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5.  PASSIVE  SYSTEM  SCANNING  TECHNIQUES 


5,  1 


Airborne  Optical  Mechanical  Scanning  Techniques  (Ref. 


48) 


Since  no  direct  imaging  detector  has  yet  been  developed  for  opera- 

terediate,0r  far  in£rared  regions-  high  resolution  detector 
elements  have  been  used  m  conjunction  with  some  kind  of  mechanical 

scanning  process  to  continuously  sample  the  field  of  view.  The  field  of 
view  is  then  synthesized  on  a  CRT  face  or  on  film  by  intensity  modulating 
an  electron  beam  or  a  light  beam  with  the  sampling  signal  and  deflecting 
the  beam  synchronously  with  the  motion  of  the  scanner. 

i  Bylr  016  greatest  number  of  infrared  imaging  systems  has  been 
t  °r  fG  rec°nnaissance  activities.  The  common  scan  motion 

is  transverse  to  the  aircraft's  flight,  with  the  aircraft's  forward  motion 
then  supplying  an  orthogonal  scan  motion.  Permanent  film  recording 

is  generally  m  the  form  of  a  strip  map  of  the  terrain  below  the  aircraft 
as  illustrated  m  Figure  43. 

5. 1.  1  Scanning  with  a  Plane  Reflector 

One  popular  and  successful  scanning  technique  is  to  rotate  a  45° 
reflector  which  directs  radiant  energy  to  a  fixed  collector. 
The  collector  then  focusses  the  energy  upon  a  detector.  An  optical  con¬ 
figuration  is  shown  in  Figure  44.  A  multi-faced  pyramidal  scanning 
mirror  provides  several  transverse  scans,  oer  revolution.  The  in¬ 
coming  bundle  of  radiation,  after  being  folded  90°  by  the  scanning  mirror 
is  mcussed  upon  the  detector  by  a  paraboloidal  collection  mirror. 

5.  1.  2  Drum  Scanner 


Drum  scanners  can  have  either  reflective  optics  or  refractive 
optics.  ,  They  may  also  produce  several  scans  per  revolution  through 
the  use  of  multiple  optical  elements.  Figure  45  illustrates  a  refrac¬ 
tive  optical  system.  ■ 

An  example  of  the  reflective  type  of  drum  scanner  is  the  scanner 
con  iguration  shown  m  Figure  46.  Here,  three  mirrors  produce  three 
60  transverse  scans  per  drum  revolution.  A  unique  characteristic 
of  the  reflective  drum  optical  system  is  that  it  is  constrained  to  an  odd 
number  of  optical  elements.  This  is  so  that  the  active  mirror  can  "look" 
between  the  two  mirrors  on  the  opposite  side  of  the  drum. 


Figuie  43  -  Thermal  Recording  During  Project  Applejack 
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FIG.  44 f &)  REPRESENTATION  OF  OPTICAL  SYSTEM 
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FIG.  44  f 6)  REPRESENTATION  OF  SCAN  PATTERN 


Axis  o<  Rolol'on 


FIG.  45 fa)  REPRESENTATION  OF  OPTICAL  SYSTEM 


Scan  Generated  by  Forward  Motion  of  Aircraft 


FIG.  45  (b)  REPRESENTATION  OF  SCAN  PATTERN 


A»»  o>f  Rotation 
(Voriobio  Ratal) 


FIG.  46  REPRESENTATION  OF  OPTICAL  SYSTEM 


Scan  G»n«raf*d  by  Forward  Moflon  of  Aircraft 


5.  1.  3  _Effect_ of_Increase_ in_Druir^Speed 

greater' gre3ter  angular  solution, 
surveillance  he  ,faster  COTerage  of  the  field  (for  aerial 

to  note  that  the  limit  is elah  "g  ”  speed-  lt  is  interesting 

rather  than  of  mechanical  failure^  d  consideratIons  of  optical  quality 
drum  is  stressed  to  an  fl?  °fr  drlvlng  Power-  Long  before  the 

Changed  the  drum  dimensions  to  L^rd^g^ertto/thedtrf011  haVe 
5-  1*  4  Multielement  Arrays 

array  oStors™  It  *  emptoy  a  multielement  linear 

•4  «* ”•  «”•  ■  “rs,s  sr—" *■ . 

»•«  ■*  ««  *  ii 

The  disadvantages  of  multielement  detectors  are  twofold: 

1  ZlTt  complexity  -  Each  detector  element 
needs  its  own  preamplifier  channel.  Then  a 

commutator  must  be  employed  to  time-multi- 

™cpTetrt0ii  Slgnals  for  display  on  a  sinele 

Stoals  hero  y’  the  CRT  sweeps  “d  blanking 
signals  become  more  complex  and  critical. 

2.  Partial  degradation  of  image  quality  -  when  there 
is  an  unbalance  among  the  channels,  the  display 
appears  striated.  This  disadvantage  is  eliminated 
i  the  interchannel  balance  can  be  precisely  esto 
blished  and  maintained. 


system  a  Mgh"ates?satohrte°dthe  T”16"  °f  deflecti°"  “  «»  optical 
critical  element “  wiu ^  be  recall^L^in"1"^  °!  r0tatiOn  0f 
upon  a  rotating  body  is  proportional  to  ii  <r  ?’adial  acceieration  imposed 
rotation.  In  line  with  th£ °  ltS  dlstance  from  the  center  of 

Included  to  redirect  the  convert  rSionT  T  ‘  f°“ing  mirror 

ner’s  axis  of  rotation  Fiaure  47  In  St  parallel  to  the  scan- 

n-  *lgUre  47  shows  cross  sections  of  a  drum  scanner 
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having  the  same  optical  characteristics  with  and  without  folding.  It  can 
be  seen  that  a  marked  reduction  in  drum  diameter  can  be  achieved.  The 
exact  amount  of  reduction  is  dependent  upon  the  relative  aperture  of 
the  optics. 

5.  1,  5  "Inside -out"  Scanner 

A  reflective  type  of  drum  scanner  may  have  three  techniques 
applied  to  it  in  order  to  effect  a  tremendous  reduction  in  its  size. 

Figure  48  shows  the  results  of  applying  all  three  techniques.  First, 
an  "inside -out"  configuration  is  employed;  that  is  the  primary  optical 
element,  instead  of  being  on  the  outside  drum  directing  the  convergent 
radiation  toward  the  center;  is  placed  at  near  the  center  of  rotation  so 
that  it  directs  the  convergent  radiation  outward.  In  this  fashion,  the 
heaviest  element  in  the  scanner  has  been  placed  closest  to  the  center 
or  rotation.  Of  course,  it  is  necessary  to  employ  a  folding  mirror  to 
redirect  the  convergent  radiation  to  the  detector  at  the  center  of  the 
scanner.  Advantage  is  taken  of  this  necessity  by  making  the  folding 
mirror  a  convex  hyperboloid,  creating  what  is  called  the  Cassegrainian 
optical  system.  The  distance  between  primary  and  secondary  reflectors 
in  a  properly  designed  Cassegrainian  system  can  be  made  a  small  frac¬ 
tion  of  that  required  of  a  conventional  paraboloidal  primary  and  plane 
secondary  having  the  same  effective  aperture.  Employment  of  a  folding 
mirror  immediately  means  that  a  small,  central  position  of  the  primary 
is  obscured.  Once  more,  advantage  is  taken  of  this  fact  to  introduce, 
as  shown,  two  more  piano-folding  mirrors.  The  total  result  is  that 
the  multiply-folded,  Cassegrainian,  "inside -out"  scanner  compresses 
a  very  long  optical  path  into  a  relatively  small  space  with  the  greatest 
mass  closest  to  the  center  of  rotation. 

5.  1.  6  Image  Scanner 

The  two  scanning  techniques  described  so  far  are  similar  in  that 
the  object  plane  itself  is  scanned.  Another  approach  is  to  image  the 
full  field  of  view  and  then  scan  the  image  with  a  system  of  relay  lenses. 
An  example  of  this  technique  is  shown  in  Figure  49.  The  primary 
optical  element  is  the  spherical  reflector.  It  is  necessary  to  use 
spherical  optics  in  this  technique  since  aspherics  would  not  produce 
a  uniform  image  quality  over  the  entire  image  plane.  This  has  the 
unfortunate  result  of  limiting  angular  resolution  because  of  spheri¬ 
cal  aberrations.  The  image  plane  for  a  spherical  reflector,  termed 
the  Petzval  surface,  is  itself  spherical  and  concentric  with  the  mirror. 
Therefore,  image  scanning  can  be  accomplished  with  relay  lenses 
located  behind  the  image  plane  and  rotating  about  the  common  center. 


Radiation 
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Figure  47  -  Folded  Drum  Scanner  Optics 
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An  added  feature  is  an  oscillating  folding  mirror.  This  mirror 
has  a  nodding  motion  to  produce  an  additional  slow  back  and  forth  scan. 
The  nodding  feature  provides  a  frame-by-frame  type  of  scan. 


An  image  scanner  of  the  type  illustrated  appears  attractive  when 
extremely  high  scan  rates  are  encountered.  The  bulky  primary  optical 
elements  are  held  fixed,  and  the  scan  motion  is  given  to  the  far  smaller 
relay  lenses.  The  major  drawback  of  this  scanner  is  the  poor  optical 
quality  of  its  spherical  reflector.  This  deficiency  can  be  overcome 
‘.rough  the  use  of  a  spherical  concentric  correcting  lens  in  what  is  called 
a  Maksutov-Eouwers  optical  system  as  shown  in  Figure  50.  As  an  example 
of  the  improvement  achievable,  the  spherical  aberration  of  1  milliradian 
inherent  in  a  spherical  reflector  with  a  relative  aperture  of  f/2.  0  can  be 

reduced  to  as  low  as  0.  02  milliradian  through  the  addition  of  a  concentric 
corrector. 

1-  7  Other  Scan  Configurations 

Other  scans  have  been  employed  on  IR  equipments.  Prominent 
ones  are  the  cloverleaf,  spiral,  and  conical  scans.  Although  they  have 
qualities  that  make  them  desirable  for  certain  applications,  they  do  not 
produce  a  uniform  distortion -free  display  as  readily  as  the  linear  trans¬ 
verse  scan  produced  by  the  equipment  described. 


Primary  Spherical 
Concave  Mirror 


Figure  50  -  Maksutov-Bouwers,  Concentric,  Wide  Angle  System 
with  Three  Image -Scanning  Lenses  -  Schematic 


5-  2  Ground  Based  Equipment 

5-  2-  1  Ground  Version  of  Drum  Scanner 

A  tripodmounTwUh^a  s^ir^eT  -f !  ^  modified  fOT  ground  use. 
motion  to  the  scanner  The  unit  <  Pt'  ,*i  fImba*  adda  a  nodding  vertical 

when  demounted  from  the  tripod  "Fi’ailre^^]11110  f°  airborne  operation 
of  equipment.  P  lgUre  51  shows  the  ful1  complement 

recordings  made  with  ^ 

5-  2.  2  Far  Infrared  Telescopy 

far  infrared'telescope681^^^6®^!!^  ^  viewiaS  is 

Figure  53.  ’  ^  Wlt^  associated  components  in 

scans  a  complete  frame  for  each  cycle  of  6lementS 

to  Sh°Wing  the  abiUty 

5.  2.  3  Scanrod  T-2 

“*  ss*r  s-' 

reflector  “/system'’^"^  fanTntn  T  ““lY  plane 

data  display  is  in  toe  form  of  a  "pin  •  on  !  ^  “  diSplay>  the 

Figure  56  The  height  n  -P  P  °n  the  osc'Uoscope  shown  in 
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5.  3  Electronic  Scanning 


These  systems  are  built  around  transducers  which  can  be  scanned 
by  some  electron1'  .means  in  such  amanner  as  topermit  a  raster  display 
on  a  CRT.  The  appeal  of  this  technique  is  the  fact  that  modified  or  even 
standard  television  techniques  and  circuitry  may  be  applied.  Satisfactory 
design  of  such  a  tube  would  effectively  make  for  a  practical  infrared 
television  system. 

Scanning  by  an  electron  beam  can  produce  images  from  large  area 
detector  material  and  from  mosaics  of  small  area  detector  cells.  For 
the  visible  and  near -infrared  regions  photoemissive  types  of  detectors 
are  most  suitable,  and  are  the  basis  for  the  image  orthicon  and  image  - 
intensifier  orthicon.  Their  sensitivities  are  usually  expressed  in 
microamperes  (/xa)  per  lumen  of  illumination  on  the  photosensitive  sur¬ 
face.  For  a  near  IR  sensitive  surface  this  is  usually  ^ia  per  watt. 

Electronically  scanned  imaging  tubes  are  being  developed  for  the 
intermediate  and  far  infrared. 

5.  3.  1  Infrared  Image  Pickup  Tube 


In  a  sense,  infrared  television  is  presently  available  in  the  vidicon 
type  of  infrared  pickup  tube.  But  the  spectral  response  in  only  out  to  2 
microns  and  thus  depends  mostly  on  reflected  radiation  from  the  targets. 

For  night  viewing,  because  of  the  atmosphere,  reflectivity  of  targets,  and 
general  low  level  of  ambient  radiation,  target-reflected  radiation  incident 
on  the  IR  vidicon  is  so  low  that  effective  ranges  are  limited  to  the  order  of 
one  hundred  feet  or  less.  Objects  at  150°C  or  higher  can  be  imaged  by  theii 
own  radiation  and  the  effective  range  is  thus  more  than  doubled. 

Infrared  vid  icon  tubes  mentioned  above  use  room  temperature  lead 
sulfide  (PbS)  as  the  detecting  element  at  one  end  of  the  tube.  Scanning 
is  done  by  a  low  velocity  electron  beam  focussed  by  a  longitudinal  mag¬ 
netic  field  and  deflected  by  a  system  of  orthogonial  deflecting  coils 
producing  fields  at  right  angles  to  the  motion  of  the  beam.  Figure  57 
shows  the  basic  arrangement  of  the  infrared  vidicon  and  schematic  tar¬ 
get  operation. 

5.  3.  2  Operation  of  the  Multiplier  IR  Image  Pick-Up  Tube 

The  operation  of  this  pick-up  tube  may  be  described  as  follows. 

(Ref.  49).  "First,  assuming  the  tube  is  in  complete  darkness,  any 
small  element  of  area  of  the  photoconductor  under  the  beam  receives 
electrons  and  becomes  increasingly  negative  until  it  reaches  approxi¬ 
mately  the  potential  of  the  gun  cathode.  Thereafter,  the  beam  electrons 
can  no  longer  reach  this  element,  but  are  turned  back  by  the  negative 
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Infrared  vidicon  tubes  mentioned  above  use  room  temperature 
lead  sulfide  (PbS)  as  the  detecting  element  at  one  end  of  the  tube 
Scanning  is  done  by  a  low  velocity  electron  beam  focused  by  a  longi¬ 
tudinal  magnetic  field  and  deflected  by  a  system  of  orthogonal  deflec- 
mg  coils  producing  fields  at  right  angles  to  the  motion  of  the  beam, 
figure  57  shows  the  basic  arrangement  of  the  infrared  vidicon  and 
schematic  target  operation. 

5'  3'  2  Operation  of  the  Multipler  IR  Image  Pick-up  Tube 

(v  f  JhG  °Peratlon  of  this  Pick-up  tube  may  be  described  as  follows. 
l-Kei  4.J.  rirst,  assuming  the  tube  is  in  complete  darkness,  any 
small  element  of  area  of  the  photoconductor  under  the  beam  receives 
electrons  and  becomes  increasingly  negative  until  it  reaches  approxi¬ 
mately  the  potential  of  the  gun  cathode.  Thereafter,  the  beam  electrons 
can  no  longer  reach  this  element,  but  are  turned  back  by  the  negative 
charge  on  it  and  are  collected  by  the  multiplier.  As  soon  as  the  beam 
moves  away  from  this  element  in  the  course  of  its  scanning  cycle  the 
ark  current  flowing  between  the  conducting  substrate  (which  is  main¬ 
tained  at  a  positive  potential),  and  the  surface,  tends  to  charge  the  sur- 
lace  positive.  This  charging  continues  until  the  beam  returns  to  this 
element  at  the  start  of  the  next  frame,  when  it  is  again  returned  to 
cathode  potential.  Now,  if  radiation  falls  on  the  target  in  the  area  in 
question,  the  surface  charges  positive  more  rapidly,  due  to  the  photo - 
conduction  of  the  material,  and  reaches  a  higher  positive  potential 
uring  the  period  of  one  frame.  Consequently,  when  the  beam  passes 
over  this  area  and  returns  it  to  its  equilibrium  (gun  cathode  potential) 
more  electrons  will  be  extracted  from  the  beam  and  fewer  returned  to  the 
multiplier.  It  is  evident,  then,  that  if  the  radiation  image  is  focused 
upon  the  target,  the  output  current  from  the  multiplier  will  fluctuate  as 
tne  beam  passes  over  the  illuminated  and  unilluminated  areas  of  the 
image,  the  current  being  larger  for  the  dark  areas  and  smaller  for  the 
illuminated  regions.  This  is  the  video  signal  output,  of  the  pick-up  tube.  " 

"An  important  point  to  notice  in  connection  with  this  type  of  opera¬ 
tion  is  that  every  picture  element  of  the  target  which  is  illuminated  con¬ 
ducts  a  pnococurrent  during  the  entire  time  and  stores  the  accumulated 
information  as  a  positive  surface  charge  for  the  frame  period  while  the 
beam  is  elsewhere  on  the  target.  This  storage  operation  leads  to  a  train 
in  signal -to -noise  ratio  proportional  to  the  square  root  of  the  number  of 
picture  elements  in  the  image  area,  as  compared  to  the  same  photo¬ 
conductor  used  in  a  system  where  point-by -point  scanning  is  employed 
For  a  high  definition  picture,  such  as  the  tube  under  discussion  is  cap- 
abie  of  producing  (400  line  picture),  the  gain  in  signal-to-noise  ratio 
is  of  the  order  of  500  times.  ” 
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5-  3.  3  Photoconductive  Target  Material 


The  photoconductive  material  of  the  target  must  satisfy  two  con¬ 
flicting  requirements,  relatively  long  wavelength  IR  sensitivity,  and 
hign  resistivity  for  storage  operation.  Photoconductive  semiconductor 
-eory  shows  the  relationship  between  radiation  wavelength  x  in 
microns,  and  photon  energy,  E,  in  electron-volts  (ev)  is: 


1.  234 

A 


If  a  photoconductor  is  to  be  senitive  to  2  micron  radiation,  the  binding 
energy  of  the  charge  carriers  must  be  0.  617  ev  or  less  A  normal 
semiconductor,  with  a  binding  energy  as  small  as  this,  will  have  very 

1Vlty  ^  r°°m  temPerature-  Resistivity  of  normal  lead  sulfide 
at  room  temperature  is  only  a  few  ohm -centimeters.  This  is  about  10 
orders  of  magnitude  lower  than  required  for  storage  operation;  there¬ 
fore  the  lead  sulfide  must  be  greatly  modified.  This  is  done  by  evapo¬ 
rating  lead  oxide  on  a  suitable  substrate,  activating  with  sulfur  and  a 
heating  treatment,  followed  by  a  final  layer  of  lead  oxide.  The  resulting 
extremely  complex  structure  has  the  necessary  high  resistance 


A  two  inch  diameter  tube  is  similar  to  the  image  orthicon  with- 
out  an  image  section  and  can  be  operated  with  image  orthicon  focusing 
and  deflection  components.  A  one  inch  diameter  tube  without  a  mulfl-  ^ 

plier  can  be  used  directly  in  vidicon  TV  cameras  in  place  of  the  visible  • 
light  vidicon. 

5.  3.  4  Spectral  Response 


The  spectral  response  of  this  tube  is  shown  in  Figure  58  This 
response  reflects  the  contributions  of  a  form  of  lead  oxide  response 
aving  its  maximum  in  the  middle  of  the  visible  spectrum  and  the 

lead  sulfide  response,  which  peaks  in  the  near  infrared  and  extends 
out  to  about  2.  1  microns. 


5-  3-  5  New  Developments  in  Infrared  Pick-up  Tubes 

New  developments  in  serniconductive  materials  have  led  to  the 
construction  of  infrared  pickup  tubes  using  lead  telluride  or  doped 
single  crystal  silicon  targets  in  place  of  lead  sulfide.  These  have  a 
response  out  to  6  microns  or  better.  Frame  speeds  of  better  than  25 
milliseconds  are  reported,  and  a  minimum  temperature  difference  of 
2  C  is  reported  detectable.  Resolutions  of  0.  75  minutes  of  arc  (about 

f  !!Jes  p®r  mrf)  arf.  ciaimed.  However,  the  operating  temperature 
f°‘  characteristics  is  90°K  (liquid  oxygen)  (Ref.  40). 
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Relative  Response 


Figure  58  -  Spectral  response  of  infrared  pickup  tube. 
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Figure  59  illustrates  the  operation  of  this  device.  Thermal 
radiation  is  imaged  on  the  retina  which  is  the  bismuth-cesium  layer 
evaporated  onto  an  aluminum  oxide  film.  The  thermal  image  causes 
variations  in  the  photoemission  characteristics  of  the  bismuth -cesium. 
The  light  beam  from  the  flying-spot  scanning  system  causes  the 
emission  of  photoelectrons  to  the  multiplier  section.  The  thermally 
induced  variation  of  photoemission  characteristics  results  in  a  modu¬ 
lated  current  corresponding  to  the  thermal  image.  The  resulting  video 
signal,  acted  on  and  amplified  by  conventional  electronics,  is  eventually 
displayed  on  a  CRT  in  synchronism  with  the  flying  spot  tube  raster -type 
scan.  - 


The  major  problem  in  manufacture  of  this  device  has  been  one  of 
successfully  reproducing  the  bismuth-cesium  retina.  Another  dis¬ 
advantage,  of  course,  is  the  need  for  operating  at  liquid  air  tem¬ 
perature. 

5.  3.  7  Infrared  Image  Converter  (Ref.  51)  * 


Investigations  at  another  company  have  been  along  the  line  of 
adapting  the  simplicity  of  the  visible  light  vidicon  to  infrared  by  use 
of  thermistor  bolometer  material  in  place  of  the  photoconductor 
material  ordinarily  employed.  (Figure  60). 


The  bolometer  layer  becomes  more  conductive  at  those  points 
where  the  thermal  image  causes  a  temperature  rise.  The  scanning 
electron  beam  deposits  more  electrons  at  these  points.  The  chromium 
backing  electrode  conducts  the  time -sequential  changes  in  current 
produced  by  the  thermally-created  changes  in  conductivity  of  the  bolo¬ 
meter  layer  and  the  scanning  electron  beam  to  the  output  lead. 

A  very  low  value  of  NEP  per  picture  element  is  theoretically 
achievable.  However,  experimental  values  of  NEP  were  higher  by 
two  orders  of  magnitude  since  useful  sensitivity  was  limited  by 
spurious,  fixed  pattern  background  signals  and  stray  pickup  rather 
than  random  noise. 
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Liquid  Nitrogen  Cooling  Coils 
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The  bolometer  layer  used  was  antimony  trisulfide  (Sb2Sg)  deposited 
on  a  chromium  backing,  electrode;  this  was  all  supported  on  aluminum 
oxide  (AI2O3)  film.  Work  is  progressing  on  the  use  of  teflon  films  as 
a  supporting  membrane.  The  referenced  report  presents  a  list  of  ad¬ 
vantages,  disadvantages  and  future  possibilities  which  are  reproduced 
below. 

5.  3.  8  Advantageous  Properties  of  the  Thermicon 

1.  Rapid  Response  -  Continuous  viewing  of  moving  objects. 

2.  Passive  Systems  -  Undetectable  and  unjammable  by  known 

techniques. 

3.  Non-Selective  Sensitivity  -  Utilizes  all  infrared  radiation, 

particularly  the  vital  10  micron  region. 

4.  Stable  detector  -  Based  on  a  stable,  easily  reproduced 

bolometer  effect.  (At  present  uses  Antimony  Trisulfide) 

5.  Thermal  Information  Storage  -  Wastes  none  of  the  input 

energy  from  the  viewed  scene,  will  detect  short  radia¬ 
tion  pulses. 

6.  Electrical  Storage  -  Utilizes  electrical  charge  storage  type 

scan  for  increased  output  current. 

7.  Daylight  Operation  -  Not  overly  sensitive  to,  or  saturated 

by  sunlight  and  other  short  wavelength  energy  sources. 

8.  Standard  television  circuitry  -  Uses  well-known  techniques, 

can  be  remotely  and  multiplely  viewed,  and  the  scan 
rates  are  easily  varied. 

9.  Ambient  Temperature  Operations  -  Operates  satisfactorily 

at  or  even  above  room  temperature,  but  can  be  cooled 
for  added  sensitivity. 

10.  Long  Life  -  Should  have  operating  lifetimes  comparable  with 

ordinary  vacuum  tubes. 

11.  Dual  Detectability  -  Can  also  be  operated  as  a  photoconductive 

camera  system  of  the  vidicon  type  in  the  visible  spectral 
region. 

12.  Possibility  of  Improvement  -  Not  yet  pushing  any  basic  limits. 
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3.  9  Disadvantages  of  the  Thermicon 


1. 


2. 


Unfinished  systems  -  Not  yet  ready  for  field  testing  or 
incorporation  into  complete  systems. 

Low  present  sensitivity  -  Not  yet  capable  of  detecting  objects 
less  than  about  10  to  20°C  above  or  below  ambient. 


'TV 

x 


echnicaliy  difficult  -  Has  relatively  long  history  of  develop- 

vil  tl 


1  ^tubf  VieWing  "  Is  n0t  a  direCt  converter 


5. 

6. 

7. 


Semi -Portability  -  Would  be  at  least  as  large  as  closed 
circuit  TV  equipment. 

Spurious  background  signals  -  At  present  the  observer  can 
be  easily  misled  by  the  fixed  pattern  background  signals. 

Fragile  -  The  thin  films  may  be  too  delicate  to  meet  some 
specifications. 


8.  Hard  to  Cool  -  Would  require  major  design  changes  for 
efficient  cooling. 


9.  Background  Cancellations  -  Will  require  some  type  of 
storage  system  to  cancel  the  fixed  pattern  back- 
bround  signals. 


10  Future  Possibilities  of  the  Thermicon 


■  Cancellation  System  -  For  storage  of  the  fixed  background 
signal  and  subsequent  cancellation.  Could  use  magnetic 
drum  delay  line,  radechon  tube,  or  other  similar  device 
Maximum  expected  gain  in  sensitivity:  100  times. 

2.  Cooling  -  Cool  the  pickup  tube  to  improve  sensitivity. 
Maximum  expected  gain  In  sensitivity  -  30  times. 


1  limner  Films  -  Find  new  mounting  techniques  or  use 
a  mesh  support,  or  new  film  material.  Maximum 
expected  gain  in  the  total  number  of  resolved  picutre 
elements:  10  times.  Maximum  expected  decrease 
in  the  response  time:  3  times. 


4. 


Uniform  Films  and  Improved  Electron  Optics  -  Development 
of  better  film  and  tube  construction  techniques  to  reduce 
the  fixed  background  signal.  Maximum  expected  improve¬ 
ment  m  the  signal -to -noise  ratio  -  10  times. 


5.  3.  1!  Mosaic  Image  Tube  (Ref.  52)' 


,  ,  A  ^a£iation  of  image  pick-up  tube  is  the  mosaic  image  tube 

visible^h/vidfm61  C“mp“y-  The  Pril«iple  operation  is  that  of  the 
l'.h  light  vidicon  where  the  signal  is  obtained  directly  from  the 

photoconductive  detector.  The  vidicon  uses  a  solid  plate  of  photo- 

conductive  material  as  the  detector;  the  mosaic  image  tube  uses  a 

fi]°mSai  T°hf  m^-y  SmaU  Photoconducti™  cells  mounted  on  a  supporting 
lm.  The  vidicon,  like  the  image  pick-up  tube,  uses  a  specially 

for  oStion”15™  “iXtUre  t0  0btain  the  Mgh  resistivities  necessary 
lor  operation.  The  mosaic  image  tube  accomplishes  a  similar  result 

by  using  many  small -area  detector  cells,  connecting  each  to  a  common 
collector  ring  and  obtaining  information  from  each  cell  by  scanning 
an  electron  beam  over  the  cells.  y  g 


Two  basic  configurations  are  used.  One  is  a  strip  mosaic-  a 
series  of  parallel  strips  of  photoconductive  material,  across  which  a 
constant  vokage  is  applied,  forms  the  face  of  the  tube.  On  the  back 

a  h1D  dieiectric>  over  which  the  electron  beam  scans 
parallel  line  pattern,  which  is  perpendicular  to  the  direction  of  the 
strips.  As  a  result,  a  two-dimensional  raster  is  obtained  from 
the  strip -and -scan  combination.  (Ref.  53). 
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When  a  thermal  image  is  focused  on  this  face,  the  resistance  of 
the  warmer  photoelements  change  proportional  to  the  thermal  image 
producing  corresponding  changes  in  the  potential  of  the  dielectric.  When 
the  scanning  beam  reaches  such  a  point,  the  equilibrium  potential  of  the 
dielectric  is  reestablished,  causing  a  small  current  to  flow  through  the 
dielectric.  As  a  result,  a  signal  appears  at  the  collector  ring  output  of 
e  mosaic.  By  scanning  a  CRT  in  synchronism  with  the  tube  scan  a 
television  raster-type  display  is  created.  Of  course  the  resolution  is 
limited  to  the  number  of  parallel  strips. 

The  other  configuration  is  a  mosaic  of  many  very  small-area 
cells  deposited  on  a  dielectric  to  form  a  square  or  rectangular  pattern. 
The  scanning  and  operation  are  the  same  as  described  above. 

Also  under  development  is  an  image  tube  consisting  of  a  single - 
me  array  of  bolometer  detector  cells  for  use  in  aerial  reconnaissance. 
This  would  require  a  single  electronic  scan  line  whose  output  into  an 
intensity  modulated  CRT  would  generate  a  strip  map  of  film  moving 
perpendicularly  to  the  line  scan.  s 

5.  3, 12  Commutator  "Scan” 


„  .  ,  °f  electronic  scan  is  the  commutation  scheme  used  to 

pick  off  the  signals  from  a  linear  array  of  detector  cells  such  as  used 
aerial  pushbroom"  scanning.  Commutation  is  usually  done  by  means 
ectronic  switching  techniques  at  the  outputs  of  the  amplifier  channels 
ed  for  each  detector  cell.  The  complexity  of  this  "scanning"  means 
requiring  an  amplifier  channel  for  each  cell  as  the  signal  level  is  too  ’ 
smaJ  to  be  switched  at  the  detector,  would  be  greatly  reduced  if  the 
scanned-array  image  tube  development  is  successful. 


160 


6'  ACTIVE  systems 

6- 1  steady  or  Fixed  Radiation  Systems 

The  active  IR  system  uses  an  infrared  source  to  provide  iliumina- 
tion  of  the  objects  or  area  of  interest.  The  infrared  sensor  detects  the 
reflected  energy  from  targets  and  background  less  the  atmospheric 
attenuation.  Thus  the  active  system  provides  no  real  indication  as  to 
he  emissivity  of  the  objects.  Because  of  the  power  required  to  provide 
— e  necessary  illumination  over  usable  distances,  these  devices  are 
usually  limited  to  the  near  infrared. 


,  .  Recourse  to  blackbody  theory  will  show  this  more  clearly  The 
mgher  temperature  curves  exceed  the  lower  temperature  ones  over  the 
entire  spectral  range.  Radiation  curves  that  peak  at  the  longer  wave¬ 
lengths  provide  much  less  energy  at  these  longer  wavelengths  than  the 
curves  that  peak  at  shorter  wavelengths.  Visible  light  sources  provide 
even  more  energy  at  longer  wavelengths  than  would  an  infrared  source. 

The  path  length  for  the  radiant  energy  detected  by  an  active  system 
is  twice  as  long  as  radiation  emitted  by  an  object  and  detected.  The 
a  mospheric  attenuation  plus  the  inverse  square  law  require  a  source 
radiation  energy  for  an  active  system  detector  at  least  four  times  greater 
than  the  radiation  energy  emitted  from  an  object  at  the  same  wavelength. 
Thus,  to  get  the  greatest  range,  a  high-temperature  source  must  be 

USfid‘  „Uaually>  thlS  consists  of  a  hiSh  intensity  tungsten  filament  lamp 
with  a  filter  over  it  so  as  to  cut  off  the  visible  region.  Development  of 
gas  discharge  lamps  for  this  purpose  is  being  carried  out  as  well  as 
.he  use  of  carbon -arc  searchlights.  The  hotter  the  source  the  greater 

t};Vn!rared  energy  at  a11  wavelengths;  the  problem  then  becomes  one 
ot  finding  a  filter  to  withstand  the  high  temperatures. 

Since  most  of  the  non-visible  energy  is  in  the  near-infrared 
practically  all  active  systems  operate  in  this  region.  Also,  atmospheric 
absorptions  are  not  as  detrimental  here  as  they  are  in  the  intermed¬ 
iate  infrared  region  so  that  much  longer  ranges  are  possible.  Thus 
it  is  usual  to  combine  the  active  source  with  an  image  tube  of  soirm  * 
kind  for  detection  and  identification  of  targets. 

6. 1. 1  Direct  View  Image  Systems 

The  best  example  of  an  active  infrared  imaging  system  is  the 
well-known  Snooperscope.  This  was  merely  the  combination  mentioned 
above,  an  infrared  source  and  an  image  tube.  Variations  of  this  com¬ 
bination  are  the  Sniperscope  (searchlight  and  viewer  mounted  on  a  rifle) 

and  infrared  binoculars  which  could  be  either  hand  held  or  mounted  on 
a  helmet. 
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«eld,  looking  at  road  the 

enemy  IH  detectors  is  minimised.  b  h  leSS  a"d  detsction  by 
6. 1.  2  jnfraredj^leyision_-_75D0^to  12,  pop  Angstroms  Region 

section, SMreaVredSteledtisioSn  if  “"fiT  T  in!,rared  imaKe  F*<*-<«P  tube 

camera  tube.  Camera  tuhes  pa  hly  ^Pendent  uP°n  a  satisfactory 
from  7500  to  12, 000  Angstrom  rnits^O  75°  toTf  ^  Spec|raJ  reSion 

developed  by  several  organizations.  Bufthf  ei l  of  ffi°TV  mm  *"  w 
to  visible  light  TV  is  still  in  Jr  a  01  1K"TV  comparable 

the  lack  of  ability  to  make  a  renmdurfhi  ,e  maj°r  bottleneck  bas  been 
spectral  response,  and  resolution  capabUme-tre6  .  Sensitivity, 

have  yet  to  be  stabilized  from  tX Jt„h* LT ^charact<™tics  which 
surface  with  time  is  another  nlwar-i  f  u '  Deterioratlon  of  the  sensitive 
is  a  reality.  Zhl-tfme  ra  TV  ^f  a  *?  OVercome  before  true  IR-TV 

because  of  its  limited  spectral  response.3  pffsTf  to  *1^ *“ 

limited  use  in  daytime  operations  for  its  caoabilitv  tn  .  °J^e 

and  haze  further  than  visible  light  TV  P  llty  to  Pierce  ^ht  fog 

the  low* f/numbeTa^  °f  the  «  ^em; 

out  in  the  section  on  T!  "^ons  pointed 

advantage  in  this  case  oinrp  ,•+  n  *  ^  active  system  has  some 

<“».«• “V*" .. 

or  moving  this  narrow  beam  over  the  area  „nrW  ystem  J;an-  Panning" 

nism  with  the  camera  permits  a  much  £ 

surveiUance  ^  afflicts  a11  active 

detector  can  pick  up"he  radltinn  ,  °f  l6CUrity-  ^  enei*y  ™th  a 
which  he  can  be  detected  The  nop  nf  h?UC  ^reater  ranSe  than  that  at 
does  minimize  this  breach  of  security  as  tT^  narro,w  beam  of  radiation 
in  line  with  the  beam  to  spot  it.  Use  nf  e"emy  hastobe  practically 
the  detection  ability  of  the  svstem  a nri  a  ^  ^  eitber  side  does  enhance 

d““"” 


(T 
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6*  1-  3  Infrared  Photographic  Film  Systems 


Although  active  systems  have  usually  been  associated  with  ground 
surveillance,  airborne  active  systems  are  no  rarity.  Usually  this  has 
been  a  visible  light  system  with  the  data  presentation  being  on  photo¬ 
graphic  film.  However,  there  has  been  a  good  deal  of  work  done  towards 
the  development  of  active  IR  aerial  reconnaissance  using  IR  film.  One 
major  advantage  of  active  IR  over  active  visible  reconnaissance  systems 
is  the  detection  of  camouflage  cover.  Another  advantage  is  the  ability 
of  the  IR  to  pierce  light  fog  and  ground  haze  which  tend  to  blind  an  active 
visible  system.  The  active  sources  have  been  searchlights,  scanned 
or  fixed,  and  flares.  The  spectral  region  is  limited  to  the  near  infrared 
aue  to  the  limitations  of  infrared  film  discussed  previously. 

6-  2  Modulated  Radiation  Techniques 

Modulation,  in  some  manner,  of  the  comparatively  continuous 
illumination  source  supplies  another  dimension  to  an  active  infrared 
system.  By  appropriate  optical  and  electronic  means  this  added  feature 
may  be  used  to  provide  very  accurate  ranging  information.  Another 
variation  permits  voice  communication  between  selected  groups  without 
breaking  radio  silence. 


6.  2.  1  IR  Ranging  Techniques 


All  electromagnetic  radiation  has  the  same  velocity  in  a  vacuum  as 
the  well  known  velocity  of  light,  2.  9978  x  108m/sec.  or  9.  835  x  103 
feet/sec. .  Using  this  finite  velocity  for  infrared  radiation,  a  ranging 
device  using  acdve  IR  techniques  is  possible  by  employing  techniques 

similar  to  those  used  in  radar.  Such  a  ranging  device  has  been  developed 
using  visible  light  (ref.  .54). 


If  a  very  short  pulse  of  high  intensity  light  were  transmitted  by  an 
optical  system  which  collimated  the  light  pulse,  it  would  travel  away 
from  the  transmitter  at  the  rate  of  983.  5  feet  per  microsecond.  Anv 
objects  in  its  path  would  cause  reflection  of  this  light  pulse.  Some  of 
is  reflected  energy  would  be  sent  back  along  the  path  of  the  light  pulse 
collected  by  the  same  optical  system  acting  as  receiver  and,  by  means  ’ 
of  mirrors,  imaged  at  a  photomultiplier  tube.  If  the  photomultiplier 
tube  were  turned  on  (gated  on)  a  short  time,  say  3  microseconds,  after 
the  pulse  was  transmitted,  reflections  from  objects  1475.  4  feet  away 
would  cause  an  electrical  signal  to  be  generated  by  the  photomultiplier 
tube.  The  number  491.  8  feet  (983.  5/2)  per  microsecond  is  known  as 
the  range  conversion  factor,  and  is  constant  for  air  (since  velocity  of 
light  in  air  is  practically  the  same  as  it  is  in  a  vacuum).  It  is  also 
expressed  as  163. 9  yards  per  microsecond. 


the  accuracy  of  the  ranging^ 6  iPl1  °  ^  tUbe  iS  turned  on  ^ermines 

best  range  accuracy  i/49 ft  or  1 6 Z “h (°‘  l>  ^osecoM 
on  time  might  be  made  only  0  01  micro^’  Course>  the  lenSth  of 
yards,  but  this  is  quite  difficult ’electrnmv/n0^  f°r  accuracy  of  I.  6 
mg  transients  as  the  "gate”  goes  on  aJ  « Uyrtdue  to  "jitter"  and  switch- 
methods  is  to  use  a  wider  gate  sav  o  t  5'  6  °f  the  more  Practical 

second  and  display  the  signal  received  °r  even  1  micro- 

sweep  speed.  A  one  microseennH  J  d  1  oscllloscope  of  appropriate 
163.  9Nyards  and  could  be  so  calibrated^  W°Uld  display  a  dsPth  of 
in  the  very  narrow  beam  of  the  light  mu?*7  targets  m  ^  depth  and 
trace  as  a  ”piD»  the  cor-e^  mmhfv  n-  * ?Uld  appear  011  sweep 
which  has  been  defended by  X first'  or  -t  016  Start  °f  016  ace 

3°™  slS>e| '00!  commas,  havia* 

amount  the  lamp  is  displaced  from  the  for  0n  1116  °Ptics  and  the 

necessary  as  a  mirror  "has  to  be  placed  neXX'  disPlacement  is 
to  image  die  return  beam.  Field  lenses  are  he  ,Same  point  uP°n  which 
onto  tlie  photomultiplier  tube.  USed  to  reima&e  the  light 

energy  is  emitted^  Ss^thtTa  mi?  deVeloped  wilose  major  radiation 
much  brighter  than  hX  P6ak  is 

short  duration  of  the  light  pulse  is  am  t  ',18  '  “tensity  and  very 
stored  energy  of  a  larTcanm.fn  “COmpllshed  discharging  the 
lamp  acts  tcPshort  ““  *"*•  Eti^k  the 

6‘2'2  ^gaagnoLVisiMe  Techniques  to  m 

applicable^o  irdr^are4iltThe^JSQpCp  discussed  above  are  basically 
The  requirements  for  such  a  soiree  are  '?"!  °f  radiation  source, 
small  size,  capability  of  being  triggered  OT^off?*3"4  intensUy’ 
richness  in  infrared  radiation  rTlT,  ,f  ,  off  ver5'  rapidly,  and 
and  last  requirements  are  contradict^™,  ^  lyP/  °f  emitters  the  first 
off  the  visible  radiation.  4e  abmtv to V *  3  P81  Were  used  to  cut 
and  off  very  rapidly  is  determined  bv  its  t  blaCk  b°dy  radiator  on 

conductivity.  It  is  exactly  analogous  to  a “f 1  •  capacity  and  thermal 
Of  a  capacitor  and  resistor  7pafaTel  nt  r*™1  Circuit  “listing 
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system  would  have  a  very  large  thermal  capacitance  and  a' low  thermal 
conductivity  with  correspondingly  long  time  constant. 

Gaseous  radiation  sources  do  not  have  the  limitations  of  black 
body  or  surface  radiators.  Spectra  of  gaseous  discharges  reveal  the 
radiation  to  be  in  very  narrow  lines.  The  position  of  these  lines  in  the 
electromagnetic  spectrum  is  different  for  each  element,  somewhat  like 
fingerprints.  The  time  constant  of  gas  discharge  or  arc  lamps  is  quite 
short.  Therefore,  a  gas  whose  spectral  '’fingerprint"  lines  are  in  the 
infrared  would  possibly  meet  the  requirements  stated  previously. 

6-2*3  IR  Sources  for  Active  Systems  (Ref.  55) 

A  great  deal  of  work  along  this  line  has  been  done  in  connection 
with  infrared  communications  systems.  The  results  achieved  to  date 
have  been  limited  to  the  near  infrared  region.  Cesium-vapor  arc  lamps 
are  one  useful  source  due  to  the  resonance  spectral  lines  of  cesium 
vapor  at  0.  8521  microns  (8521  Angstroms)  and  at  0.  8944  microns 
(o  44  Angstroms)  at  atmospheric  pressure.  Mercury -xeonon  high 
pressure  arc  lamps  are  another  source  of  near  infrared  radiation 
having  several  spectral  lines  between  0.  85  and  1.  0  micron.  Informa¬ 
tion  from  Hanovia  Chemical  and  Mfg.  Company  shows  the  radiant 
sources  in  tire  lamp  are  the  xenon  continuum  emitted  by  highly  heated 
xenon  molecules;  xenon  ionization-line  spectral  emission,  mostly  in 
the  infrared;  tungsten  electrode  continuum  from  incandescent  electrodes 
and  the  heated  quartz  body.  (Figure  61).  ’ 

The  air  lamp  used  in  the  visible  light  ranging  systems  could  con¬ 
ceivably  be  used  in  the  near  infrared  with  a  suitable  filter  as  its  radia¬ 
tion  contains  the  spectral  lines  of  all  the  elements  making  up  the  atmos¬ 
phere.  The  filter  material  would  have  to  be  capable  of  withstanding 
the  tremendous  amount  of  heat  generated,  however. 

Infrared  ranging  is  still  in  the  development  stage  for  applications 
to  convoy  control,  minesweeping  formation  control,  and  surveying 
under  security  conditions.  These  applications  use  a  cooperative  target 
such  as  a  triple  mirror  to  get  the  maximum  range  from  the  relatively 
lower  radiant  intensity  of  the  infrared  source. 

6*  2-  ^  Images  from  Pulsed- Active  Systems 

^ie  in^rared  detection  devices  are  either  infrared  photoemissive 
muihpher  tubes  or  lead  sulfide  cells.  A  storage  image- converter  tube 
under  development  (Ref.  56)  was  designed  for  use  with  a  pulsed  infrared 
source  to  minimize  breach  of  security.  For  test  and  comparisons  to  a 
non-pulsed  viewer,  source  pulse  lengths  of  200  microseconds  were  used 
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It  is  conceivable  that  such  a  viewer  could  be  combined  with  an  infrared 

section  dRac|e  °f  accuracy  t0  Provide  an  image  of  a  selected  cross- 
,  .  .  '  BackscaUer  present  in  continuous  viewing  situations  tends  to 

£  r°r  of  Ule  imaBe  as  it  raises  the  background  noise 

vel.  A  pulsed-ranging  viewing  system  would  eliminate  backscatter 
rom  ail  ranges  up  to  the  selected  one.  The  requirement  of  poor  accuracy 
is  to  provide  some  depth  to  the  image.  Thus  an  accuracy  of  50  feet,  con¬ 
sidered  poor  for  precise  ranging,  would  provide  an  image  covering  the 

fnnftf  ®acceef!ng  thue  range  selected;  anything  beyond  or  before  this  50 
loot  depth  would  not  be  imaged. 

/p.f  raetl;ods  t0  determine  range  are  also  under  investigation. 

Ref.  57).  The  most  successful  technique  so  far,  has  been  use  of  optical 
focussing  methods  with  conversion  into  video  or  audio  displays. 

6*  5  Infrared  Communication  Techniques 

Stalling  by  turning  a  light  source  on  and  off  in  accordance  with 
me  pattern  such  as  the  Morse  code  is  probably  the  most  familiar 
optical  communication  method.  This  "blinker"  system  is  relatively 

a  bl’m  nf  itm  6r  7  6  t0  10  W°rdS  P£r  “inute'  A  metll0d  of  modulating 
a  beam  of  light  much  as  a  carrier  wave  is  modulated  by  audio  frequencies 

in  radio  was  first  suggested  by  Alexander  Graham  Bell  in  1880  Systems 

developed  over  the  years  have  increased  in  complexity  and  sophistication. 

Modern  infrared  systems  under  development  will  be  capable  of  code 

voice,  teletype  and  facsimile  transmission.  (Ref.  58.) 

Transmitters  range  from  300. watt  to  2500  watt  mercury-xenon 
lamps  Receivers  are  lead  sulfide  cells.  Directional  characteristics 
of  the  transmitting  systems  vary  from  narrow  beam  directional  to  360° 
omnidirectional  depending  on  the  application.  For  Navy  use,  stable 
platform  for  stabilizing  against  roll  and  pitch  motion  of  the  ship  is  a 
necessity,  as  is  some  means  of  automatic  tracking. 

F°r  Army  use  a  simple  system  has  been  developed  using  current 
modulated  tungsten  filament  lamp  with  a  lead  sulfide  detector  in  a  small 
housing.  The  entire  unit  weighs  10.  5  pounds.  (Ref.  59. ) 

Optical  communications  provide  a  means  of  delivering  messages 
secure  from  jamming  and  interception  while  permitting  full  utilization 
°f  ^ element  of  surprise.  Infrared  optical  communications  provide 
in  addition  to  tins,  increased  range  and  secure  night-time  operation  ’ 
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^01  training  applications,  an  IR  communicator  could  be  sehm 
ashore  as  a  beacon  or  for  guidance  and  training  control  (Figure  62  ) 

infraredTmaaeTnrm'011  ^  **  transmitted  ^  means  from  some 
n  f  ^  f  mg  devic SQch  as  those  described  previously 

xeenoannarc®  *  ‘°  kC'  *  ^ueTy  ^ 

-c  resP°nse  to  a  modulating  signal  falls  off  to  30%. 
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Figure  62  -  A  typical  amphibious  operation. 


7.  TELEVISION  TECHNIQUES 


-*-•  j.  /Revision  electronic  scanning  techniques  have  direct  applica- 
Lion  to  infrared  technology.  Image  conversion  from  infrared  to  visible 
and  infrared  information  distribution,  either  before  or  after  conversion 
are  examples  of  this  application.  As  a  further  aid  to  night  viewing,  low 
intensity  visible  light  television  techniques  have  been  developed. 


7  1 


Infrared  Image -forming 


,  1  0  f°Pic  has  been  covered  in  detail  in  Section  5.  3  and  Section 
d.  i.  z,  but  will  be  presented  here  as  review. 


1  Photoemissive  Methods 

Photoemissive  image-forming  methods  are  basically  of  the 
direct  view  image  tube  type  which  by  themselves  do  not  use  TV  scanning 
techniques.  A  combination  pickup  tube  known  as  the  "intensifier  image 
orthicon  is  under  development  with  IR  capabilities  out  to  2  microns, 
ihe  rest  of  the  system  uses  conventional  television  circuitry. 

This  development  was  undertaken  when  attempts  to  produce  an  image 
orthicon  with  an  infrared  sensitive  photoemitting  surface  failed  due  to 
deterioration  of  the  infrared  sensitive  surface  caused  by  the  required 
manufacturing  processes. 

7.  1.  2  Photoconductive  Methods 

Infrared  t  elevision  using  photoconductive  pickup  tubes  is  also 
under  development.  Several  industrial  organizations  have  produced 
scanned  imaging  tubes  using  such  varied  methods  as  surface  storage 
combined  with  the  gam  of  a  multiplier  section,  straight  photoconduc¬ 
tive  effect,  and  flying  spot  scanning  of  a  specially  sensitized  surface. 

Near  infrared  television  systems  are  furthest  along  in  develop¬ 
ment.  Photoconductive  and  bolometer  type  pickup  tubes  for  use  in 
intermediate  and  far  infrared  regions  are  under  investigation.  The 
major  problem  in  these  investigations  is  the  development  of  infrared 
sensitive  materials  that  will  remain  stable  over  the  desired  spectral 
lange  fiom  tube  to  tube  after  processing. 


7.2 


igfraredJnformation_Dlstribution  and  Display  by  TV  Methods 


ea  radiation  at  some  point  remote  from  the  detector  Rnfh  ^  •  t 
requirements  referred  to  above  can  be  carried  Both  distribution 

television  systems  Rrrto?  .  / a"  carned  out  by  closed  circuit 
limited  to  i/p  cpT'^B  dCaSt  techm(iues  (wireless)  are  usually 

Play  at  a  remote' How"16"*  ‘T™6  °riginal  “fo™ation  dis- 

TVare  still  developmental,  System^' “4- 0r  broadcast 
are  not  available  at  present.  "  0iigw  and  display 

*'  2*  1  as  a  Training  Medium 

film  or  tape&  an^ oneVf"^1”^1011  **  haS  been  recorded  either  on 

can  be  employed  to  train  lar^oups  oTmen' ^Alth’^f  TV  systems 
motion  picture  training  fiim:  Jf .  ps  ™eiL  Although  similar  to 

a  filmed  presentation.  (Ref/60  )S  ^  °  haS  several  advantages  over 


1. 

2. 

3. 

4. 


5. 


These  advantages  are  as  follows: 

The  latest  equipment  can  be  demonstrated, 
llm  sequences  are  more  likely  to  be  up  to  date. 

Thp  t/fU  *  1?n  Can  be  chan£ed  as  circumstances  require 

get  prompt  answers?”8  °f  may  ask  *"d 

Teaching  aids  combined  with  film  and  live  pickuns  hnth 

1  r:isF'*“s=:;:s  z\z. 

and  understood!^  qU1Pmer'tS  be  ™re  readily  «en 

training^milltory^elrsonnel'bi^hp^v*11^^  *?*  a  PlaCe  aa  a  ““an®  of 
objectsgas  displaced  b“T„l7ed:;sdlems:Cati0n  ^  interpretati-  of 

7-  ^  2  ^IgHgSLIVfor  Use  with  Simulation  Techniques 

cult  tec"' by  Cl0S6d  Cir- 
ment  of  the  synthetic  display  nthpr  D  t°  ?  t0  peiniib  simulated  move- 
demonstrate  the  difference  betwpp  h  Cont^is  may  be  incorporated  to 
the  same  scene  betW6en  dayllght  and  ^time  images  of 


171 


Of  development  where  they  can  be  used'  fa068  — Ve  n0t  reached  the  stage 
tion  and  distribution.  However  ordinal  T  °r,lglrial  information  collec- 
have  been  developed  to  present  a  scanned^f^ ^  SCannin-  systems 
truiy  ^  television  type  raster  aiCpa^ed  iaster  ^age,  although  not 
systems  or  as  broadcast  systems.  ^  ^  USGd  aS  Cl0sed  Clrcuit 


7.  3 


j^wjntens^  -for]^ 


system  are  stfll  deveTo^-^-^tm  tUb6S  f°r  USG  in  an  1]lfrared  TV 


Tube  TvDe 

Approximate  Minimum 
Scene  Illumination 
Requirements  fit  -ranriioc) 

Conventional  Image  Orthicon  5820 

- — -  1  LU  \AL»  LcUJuiG.S) 

1  -<  i  r\  —  9 

Wide -spaced  I.  0.  6849 

1  x  10  0 

Image  Intensifier  Orthicon - 

1  x  10~4 

Single  Stage 

Developmental  I.  0.  with 

2  x  10-5 

High  Resistance  Target 

Developmental  Wide-spaced  I  o 

i  x  io~t> 

C73469  (RCA) 

5  x  10"5 

7.  3.  1 


Image -Intensifier  Methods 


.  A 
r\ 


orthicon  has  been  developed  and  is  h  Sln£le -stage  intensifier -image 
Wright  Air  Development  Center  (WADC?  used  1,1  systerns  designed  for 
Development  Labs  (ERDL).  (Ref  61)  ^  inglneer  Research  and 

o.hico^^s  rnr  i^?rnatr of  the — 

into  a  single  unit.  nage  tube  sections  sealed 
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...  ,,  Wlth  fn  °Ptical  system  of  I/O.  75  and  signal-to-noise  ratio  of 
1  *le  S1ngie  stage  UO  will  operate  at  approximately  2  x  rn-5  . 
candles  of  ambient  light.  Thus,  the  HO  wai  permit  1  TV  1  2  V 

assess*  -“f  fflt-rsx 

eve  is  useful  in  fm.  ™e  natural  lnteSraU°n  characteristic  of  the 
considerable  intelligence' “f^mltor"0^,6  fr°m  1,16  TV  diSplay  80  0134 

signal-to-noise  S  (S/n1  *  ^  Can  be  extracted  at  low 

brightness  oflO^fL0/. ^mbe^^Thfj  *  fllC,05h<*  4  t0  1  at  scene 
could  be  imaged  with  eaual  rbru  ^  f  that  a  given  size  target 
times,  al,  other ^  by  ^r 

thiSresDect.  Use  of  varda Me  fT?.  ,/..  ^  11 0  ls  not  limited  in 
Zoomar;  or  a  variable  sten t  e  1fefgth  0ptical  systems  ™ch  as  the 
angle-low-magnification  surveillance  cC’,/!*  Wl.de\ 

magnification  for  close-up  inspection  ^f  suspec f  area"”*  hlgh‘ 

^  2  Near  IR  Capability 

sensitivity  out  to  1 ! 5^  rn fc rmi's S 6  The^ ^ °iV1  Iff8 1 ^  110  With  a  near  IR 

with  the  near  IR  sensitivity  provide  theno^p6—1  Capability  combined 
following  characteristics  television  system  with  the 

a.  Night  seeing  capability. 

r'  s^a^e>  anb  variable  optics  may  be  used, 

.  Unobstructed  view  from  aircraft  by  pod  or  other 
mounting  methods.  r 

d-  Integrated  display. 

e.  Non-radiating,  non-jammable. 

f.  May  be  remotely  controlled 

g.  Haze  and  camouflage  penetration. 

although™™ tCvis7onS|isua|eaVH1Uable  ^  dayUtte  0peration  also- 

information  under  clear  weather  conditions  ^Alsl6  T7  ^  bfetter 
be  qualified  by  limiting  it  to  low  Woi  u •  n-  ,  ls0>  statement  (e)  should 
ambient  illumination.  ^he  relatively  blghllg,:lts’  as  wel1  as  low  level  of 
image  orthicon  operated  a  low  amhiLfT^ ™  ,dyn?miC  range  of  tte  basic 
“ a  point  of 
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exceeds  the  aided  eye  only  for Harrow  r  tfT  ^  016  TV  Syste“ 
night  However,  some  of  tl,e  ottM  capabmtie  rT  h™*  ^  °nly  at 
graphs  make  up  this  apparently  poor  showing.  ^  ^ ^  “  previ0us  Para- 

astronomical  twilighUndtr  vS’iou^weath11'3'00^-11613115'  found  after 
night  has  ambient  of  2  x  I0"5-fOot  ranrii ther /r0^1110113-  The  darkest 
of  the  110.  Statistically;  it  iS  Within  *e  capability 

a  ruie>  WE1  be  greater  than  this  low^t  r  *  ^  ambient  Elimination,  as 
that  much  more  effective.  1^ure>  ^king  tiie  TV  system 

View  ol  the  TV* system  neUiVSw0lighteieteiraed  w  C°Ver  4116  fieId  of 
be  very  much  improved.  For  large  area  e  Capa  :iilit>'  °J  Ulc  system  can 
suitably  placed  around  a  perimeter  or  cl  ™r,age’  s°urces  could  be 
most  training  conditions, Pthe  security  yfoT^  by  hellcopter-  Under 
not  a  problem,  making  this  kind  nf  a'L  *  °''  Cy  the  active  so«rce  is 
training  applications  of  nighttime  surveillance"*  Particularl5'  sui‘ed  to 

?'3'3  lt°^ijSjiLLevel  Image  Orth  icon  ft  q 

under  lo^Ii^^s^o^'toless0^!  n  ***  CapabIlity  of  viewing 
10-3  foot.candles  of  iUu~  *an  (u11  Iaoonlight  (of  the  order  of  8 

SO  that  the  tube's  beam  noise  is  L UmUiZhcZ 18  CarefuIly  desig“«l 
the  construction  of  the  tube  (Figure  64)  the  hllh  However>  due  to 
Close  spacing  (.  004  to  .  008  inches)  between  the  fChapaC.lty>  caused  by  the 
the  mesh  causes  "smearing"  of  relative  (I  ?  011,1  glass  target  and 
target  suddenly  moves,  it feems to  d eann 'J6Ct  “otion-  «  a  stationary 
until  it  stops,  when  it  will  3udTe„ly  reZlT  nTn  ““  CET  display 
correct  this  obviously  unsatisfactory  PPi  f  new  P°Sltion.  To 
developed  (6849).  The  target  tn  ory  condition,  a  modified  tube  was 
(0.  150  inches)  so  !?  “UCh  gaea‘- 

Other  changes  in  tube  construction  1  ,  01se  -imit  is  detectable, 

level  to  starlight  (10~4  foot-candles)°Wered  016  USable  Elumination 
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.illumination  in  Foot  Candles 


Figure  65  -  Variance  of  Night  Time  Illumination  with  Atmospheric  Conditions 
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7.3.3  Low  Light  Level  Image  Orthicon  (I.  Q) 


The  standard  image -orthicon  (5820)  has  the  capability  of  viewing 
under  low  light  levels  down  to  less  than  full  moonlight  (of  the  order  of 
1°~J  foot-candles  of  illumination)  if  the  circuitry  is  carefully  designed 
so  that  the  tube’s  beam  noise  is  the  limiting  factor.  However,  due  to 
the  construction  of  the  tube  (Figure  64,  the  high  capacity,  caused  by  the 
close  spacing  (.  004  to  .  008  inches),  between  the  thin  glass  target  and 

the  mesh  causes  ’’smearing”  of  relative  object  motion.  If  a  stationary 

target  suddenly  rnnypc  it  cooma  t.n  a  i  oor»«/>o  m  w  4-L/->  Onm  j j  i  

'  - j  — lu  uAOttppcax  xx  uiu  lilt:  l^X\  1  U1  Split  y 

until  it  stops,  when  it  will  suddenly  reappear  in  a  new  position.  To 
correct  this  obviously  unsatifactory  condition,  a  modified  tube  was 
developed  (6849).  The  target-to-mesh  spacing  is  very  much  greater 
(0. 150  inches)  so  that  motion  down  to  the  noise  limit  is  detectable. 

Other  changes  in  tube  constructim  lowered  the  usable  illumination 
level  to  starlight  (10 -4  foot-candles). 


7.3.4  " 


Lumicon”  TV  System 


This  system,  developed  by  Bendix,  has  the  capability  of  pre¬ 
senting  usable  pictures  under  starlight  conditions.  The  amplifier  cir¬ 
cuits  and  the  auxiliary  sweep  and  blanking  circuits  were  designed  for 
very  low  noise  operation  with  shielding  to  reduce  pickup  to  a  minimum. 
It  was  designed  as  a  light  amplifier  for  use  with  under -exposed  X-ray 
images  so  as  to  reduce  the  harmful  effects  of  X-rays.  Demonstrations 
of  the  system  showed  some  near  IR  capability.  Used  as  an  active  near 
IR  system,  excellent  pictures  of  high  resolution  were  presented  under 
apparently  no  light  conditions. 


7.3.5  ”Nite  Owl”  TV  System 


The  beam  noise  limitation  on  lowest  usable  light  level  has  been 
the  subject  of  much  investigation.  The  problem  arises  from  the  method 
of  operation  of  the  tube.  Photons  cause  emission  of  electrons  from  the 
photo  cathode  to  the  thin  glass  target  (Figure  64,  Section  7.  3.  2).  The 
electrons  pass  through  the  mesh  and  strike  the  target  causing  secondary 
emission.  These  secondary  emission  electrons  are  collected  by  the 
mesh,  leaving  a  positive  charge  on  the  target.  Because  of  the  thinness 
of  the  glass  target  (,  002  inches),  a  similar  positive  charge  pattern 
appears  on  the  opposite  or  scanned  side.  This  side  is  scanned  by  the 
electron  beam.  At  points  of  positive  charge,  the  beam  deposits  electrons 
before  returning  to  the  multiplier  section.  The  electron  beam  is  modu¬ 
lated  in  this  manner;  areas  of  no  signal  returning  the  unmodulated  beam 
to  the  multiplier. 
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Figure  64-  Schematic  Arrangement  of  Type  5820 
Image  Orthicon 


"”„s  “ " — 

feedback  perm'it“etd0Uief  3  “odified  form  of  beam 

1<|>W  noise  TV  camera.  The  usablif  Hrtrf  f  pany’  lnc-  to  desto  a  very 
candles.  Figure  65  shows  fhic  •  f  llght  1  vel  1S  less  ^an  10"^ foot- 
Uie  dependence  of  resolution  Note 

aurfaceSmrnS^tlf13'  th.e  imagr=  “^con  photo  cathode 
obtained,  it  is  believed  that  part  oTthe*™1  quantltatlve  results  were  not 
camera  is  due  to  this  neaXt%  ^  °f  tte  "Nite  °Wl" 

range.  ^elT^iT,18  “?  ^  °f  dy"a™- 

searchlight  or  other  means  the  svste  ddenly  raised,  by  flare  or 
beam  current  is  readjusted’  The  w?  becomes  saturated  until  the 
minute,  depending  on  tte  new  HvHm  be  as  *»<*  as  one 

in  resetting  the  controls.  ^  l6Vel  a"d  operat°r  reaction  time 

In  adjusting  to  the  new  highlight  levels  nf  ;n 
tion  in  the  dark  spots,  previously  v?®“hle  !  ,  Rumination,  infbrma- 

lliuminated  by  the  new  sources.  ’  6  loSt  unless  ttey  are 

later  the  6849  camera  tubes  ^New'fh °J1"  f  ed  first  016  5620  and 
camera  tube  developme'“«  »y  the  several 

faces  and  high  lateral  resistance  m  ?rC  sensitlve  photocathode  sur- 
liminary  work  shows  promt  e  „t  7getS  are  being  Investigated.  Pre- 

cantly.  With  darkest  night  ambient  levels  ZTx  <0^ ^  JaiIi~ 
(Figure  63)  the  improved  "Nifp  r>ww  u  l0  ”  foot-candles 

not  available  at  prose, 7  Sb°uld  be  able  to  Present  detail 
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— _ TRAINING  CONSIDER  A  TTnxfQ 


Infrared  .instruments  and  infrared  techniques  mav  be  nc-pH  in 

ta^the ^applicaUonS0fn  T  tra.inin8'  of  militaiT  Personnel  In  training 
as  an* dZ ^  mstruments  (instrument  herein  defined 

f  f21"®  lmrared  energy  in  the  performance  of  its 

tho  i  ’  *f. lnstrument  may  be  used  directly  in  training,  owing  to 
the  comparative  simplicity  of  infrared  instruments;  or  stauMion 

techniques  may  be  employed.  Infrared  instruments  may  also  be  used 
as  auxiliary  training  aids  in  the  evaluation  of  nerformaPC*  rie:kt  „„ 
aay,  of  battlefield  training  exercises  and  troop  r^eu^  ^  UI 


8.1 


Specific  Infrared  Applications 


applications  of  infrared  have  been  broad  in  scone  and  its 
potenual  is  far  from  exhausted.  The  many  fields  where  toK  has 

tratainee?onsi!lee  *h  016  f°lloWing  section-  The  discussion  of 
aning  considerations,  however,  will  be  confined  to: 


a.  Imaging  systems  for  surveillance 

b.  tiie  identification,  interpretation,  location 
and  detection  of  objects. 

8. 1. 1  Military  Applications 


followinghfieWsUtary  appliCations  of  infrared  techniques  include  the 


1.  Missile-borne  homing  devices 

2.  IR  fire  control 

a.  Where  greater  angular  accuracy  than  that 

provided  by  radar  is  required, 

b.  Where  low  angle -operation  near  the  ground 

or  sea  is  required. 

Passive  search  for  Bomber  Defense 

4.  Airborne  Early  Warning 

5.  Ballistic  Missile  Detection 

0.  Viewing  systems  in  both  near  and  far  infrared, 
(active  and  passive) 

a.  Snipers  cope 

b.  Metascope  (map  reading  and  signalling) 

c.  Infrared  periscopes  and  binoculars 

d.  Image  tubes 

e.  Television 

f.  Thermograph 

g.  Evaporograph 


7.  Infrared  Reconnaissance 

a.  Ground  to  Ground 

b.  Air  to  Ground 

c.  Space  to  Ground 

8.  Infrared  Communications 

a.  Invisible  Signalling' 

b.  IR  Beacons 

9-  Missile  Range  Instruments 

a.  Tracking  aids 

b.  Infrared  tracking  systems 

c.  Gunnery  hit-evaluator  • 

10.  Infrared  Navigation  Aids 

a.  Celestial  Tracker  (star,  sun  or  moon) 

b.  Horizon  Locator 

c.  Infrared  Map  Matching 

1L  Infrared  Countermeasures 

12.  Satellite  Tracker 

13.  Satellite  Weather  Observation  and  Forecasting 

14.  Anti-submarine  Warfare 

a.  Snorkel  detector 
-  b.  Wake  detector 

15.  Aircraft  anti -collision  warning 

16.  IR  Aids  to  station  keeping 

8. 1.  2  Non -Military  Applications 

Non -military  applications  involve  the  use  of  infrared  spectro- 
photometeis  and  absorption  analyzers  for  the  identification  and  analysis 
of  many  substances.  These  instruments  may  also  be  included  in  the  de¬ 
sign  of  process  controllers.  Industrial  radiometers  and  pyrometers  are 
used  to  measure  temperature  remotely  and  may  be  used  for  process 
conti  ol,  fire  detection,  and  detection  of  overheated  journal  boxes  in 
railroad  cars.  Infrared  imaging  devices  are  used  in  medicine  for  the 
location  of  pathological  tissue  and  isolation  of  micro-organisms. 

3.  2  Simulation  as  Training  Aid 

In  order  to  promote  the  proper  use  of  infrared  devices  ade¬ 
quate  training  must  be  provided.  In  addition  to  theoretical  grounding 
the  student  before  being  sent  into  the  field,  should  receive  some 
practical  experience.  Direct  experience  with  the  device  to  be  used 
would  be  desirable,  but  owing  to  the  cost  and  complexity  of  many  de¬ 
vices,  the  use  of  simulation  techniques  is  indicated. 


Simulation  is  a  valuable  tool  for  the  training  and  evaluation  of 
ys  em  per  ormance.  Simulation  may  be  a  supplementary  procedure 
to  analysis  and  design,  carried  out  prior  to  manufacture  for  the  syn- 
esis  optimization,  or  modification  of  an  instrument  or  system  in 
order  to  meet  desired  performance  criteria.  System  performance 
may  thereby  be  verified  and  optimum  operating  techniques  developed. 

.  .  Simulation  techniques  are  of  two  classes:  mathematical  and 

physical.  In  the  mathematical  model,  the  entire  system  is  represen¬ 
ted  m  terms  of  mathematical  relations  that  can  be  programmed  into 
dig!Ui  or  analogue  computors.  The  physical  method  uses  the  system, 
actual  or  physically  simulated,  subjecting  it  to  the  same  or  similar 

;r^ithatr,Uld  bf  Under  typical  °Perating  conditions.  The 
p  lysical  method  includes  techniques  for  developing  synthetic  displays 
of  imaging  systems.  y  y 

8*  2.  1  Application  to  IR  Systems 

T^,Ifl.systems  wouid  be  most  applicable  for  use  in  train¬ 
ing  are  oi  the  image  forming  class.  Images  encountered  in  infrared 
systems  a  re  frequently  similar  to  photographs  taken  in  the  visible 
region  of  the  spectrum,  or  they  may  be  oscillographs  that  have  similar 
information  content  as  photographs.  The  representation  of  intensity 
modulated  patterns  within  known  spatial  coordinates  comprises  the 
infrared  images  of  interest. 

The  requirments  for  image  quality  in  infrared  instrumentation 
vary  broadly  with  the  intended  application.  A  great  deal  depends  on 
w  ether  it  is  required  merely  to  detect  an  object  or  to  recognize  fine 
details.  The  resolution,  contrast,  brightness  and  other  characters - 
tics  of  the  simulated  images  will  therefore  vary  in  accordance  with  the 

use  of  the  system  and  will  determine  the  design  of  the  training  simu- 
lator. 


3.  2.  2  Simulated  -  Display  Variations 

<  The  scenes  that  would  be  simulated  for  IR  system  training 
wouk.  nave  a  spatial  background,  including  land,  water  and  air  masses 
and  be  capable  of  presenting  targets  of  military  interest  within  the 
background.  The  ability  to  detect  personnel,  guns,  missiles,  air¬ 
craft,  and  military  supply  build-up  areas  would  be  provided.  The 
read-out  devices  for  this  type  of  instrument  include  photographic 
mm  tor  permanent  recording  and  detailed  study,  or  moving  image 
displays  as  seen  on  a  cathode  ray  tube  display  (i.  e.  television)  for 
timely  read-out  and  interpretation.  Permanent  displays  may  be  used 
directly  for  training  in  photo-interpretation  and  simulation  equipment 
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may  be  devised  for  training  in  the  production  of  permanent  displays. 
The  simulator  may  be  made  up  of  the  necessary  components  of  the 
system  for  photoproduction  using  models  as  targets,  or  electrical 
signals  may  be  simulated  electronically.  Electronic  simulation  would 
include  both  integrated  scan  and  signal  generators  using  conventional 
vacuum  tubes  and  transistors,  and  magnetic  tape-recorded  signal  and 
scan  information.  The  simulated  signals  may  be  used  to  drive  a 
cathode  ray  tube  whose  screen  would  be  photographed.  Transient  dis- 

PiayLmay  generated  in  a  similar  manner  with  the  cathode  ray  tube 
lead  directly  rather  than  photographically, 


3  Surveillance  as  a  Training  Consideration 


The  parameters  of  surveillance  systems  are  determined  by  the 
system  application  and  may  be  classified  into  three  groups.  The  erouns 
are  ground-to-ground,  air-to-ground  and  space -to-ground  reconnais-P 
sance  and  mapping.  The  purpose  of  all  of  these  equipments  is  to 
acquire  the  greatest  amount  of  accurate  data  concerning  the  area  and 
the  personnel,  in  order  that  the  data  may  be  analyzed  to  obtain  the 
maximum  information  for  presentation  in  the  most  timely  and  useful 
manner.  The  information  may  be  used  for  maneuver  evaluation  and 
would  aid  m  the  determination  of  personnel  reaction. 

8.  3.  1  Ground -to -Ground  IR  Surveillance 

Ground-to-ground  infrared  instruments  are  generally  required 
to  present  data  not  otherwise  available  regarding  terrain,  personnel 
military  targets  and  other  items  of  military  interest  on  a  real  time  * 
basis  for  immediate  action.  These  instruments  include  the  Sniper - 
scope,  Metascope,  Infrared  Periscope  and  binoculars,  image  tubes 
and  low  light  level  television.  Also  in  development  are  the  Atf/AAR- 12 
an  airborne  infrared  scanner  modified  for  ground  use,  a  far  infrared 
telescope  designed  for  ground  use,  Scanrod  T-2,  a  non-imaging  scanner 
and  the  AN/GAS-l(XE-4)  Infrared  Gunflash  Detector.  ”  ’ 


Instruments  for  ground-to-ground  use  are  generally  small  and 
simple  enough  to  operate  for  direct  training  in  their  use,  and  would 
not  require  auxiliary  training  aids.  The  training  problem,  main’y 
involves  learning  to  interpret  the  infrared  images  as  seen  by  the.’ 
readout  devices  of  the  instruments.  Direct  photographs  of  the  read¬ 
outs  may  serve  the  purpose  in  some  applications. 
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.  Infrared  reconnaissance  instruments  may  be  used  during: 

ANAAR^T^r/8  1°  aW  U'e,0fficers  in  palliating  the  troops.  The 
N/ AAR-12,  an  air-io-ground  surveillance  system  modified  for 

ground  use,  and  far  infrared  telescope  have  been  used  for  battMMd 
surveillance  and  would  serve  the  purpose  well.  During  cleafnights 
c  osea  loop  television  system  designed  to  operate  at  low  light  levels 
and  responsive  m  the  near  infrared,  may  be  used. 

8-  3-  2  Air-to-Ground  IR  Surveillance 

Air-tn-O’i'nnnrl  i  .  ,  „ 

-  —  s - oiu  venlance  aevices  most  freouentlv 

use  image  dissecting  systems  as  described  in  the  Scanning  Methods 

®  ^,0n  °f  thls  rePort.  The  signals  are  processed  and  used  to  drive 
cathode  ray  tube  that  writes  on  a  line  basis  in  synchronism  with  the 
scanner.  Photographic  film  is  drawn  along  the  image  plane  of  he 

altitude  tabt\frat  a  speed  Proportional  to  the  telocitrlr 
film  The Th  °t  a,lrcraft  and  a  strip  map  is  thereby  generated  on 
m-ounrf  Thr  TT’T  ”ay  be  Processed  in  the  air  and  read  on  the 
L'.  '  :;:lks  transmitting  video  information  derived  from 

fum  for  bandwidth  compression,  back  to  the  ground  from  aircraft 
have  been  used.  Frame-by-frame  viewers  as  with  image  tubes  and  ' 

Pen~P™blCems.ned  *°  Sl°W  0,6  moti™  «>»- 

training  maneuvers.  Use  of  optical -mechanical  scanning  systems  with 
intermediate  or  far  IR  capability  and/or  near  IR  electronic  scanning 

training8 problem!0  “  ^  ^  and  aCCUrate  evalua«on  of  thf 

8.  3.  3  Space -to -Earth  Surveillance 

,  Surveinance  from  space,  e.  g. ,  from  a  satellite,  has  several 
n  ^reat  ^titudes  involved  allows  coverage  of  large 

parts  of  the  earth's  surface,  and,  if  the  satellite  is  properly  oriented 

nmeP°Tnf  I-  the  enhre  Garth  may  be  scanned  ^  a  relatively  short1 
l  ,  Llforma^on  regarding  cloud  and  storm  structure,  radiant  heat 
exchange,  temperature  distributions  on  earth,  and  many  other  heat  and 
temperature-parameters  may  be  observed.  Photointerp'etatTon  woi^d 

be  tine  primary  training  need  in  this  field. 
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8'  4  identification,  Interpretation^  Location  and  Detection  of  Objppfc 
for  Training  - ~r~ - — — - — L: — — 

Training  in  identification,  interpretation,  location  and  detection 
of  objects  sensed  by  infrared  instruments  involves  analysis  of  photo¬ 
glyphs  ana  direct. reading  of  imaging  devices.  Infrared  photographs 

tn°iHc:-hfh ]refi0lU.tl°11  systems  operating  during  daylight  may  be  similar 
x,  1  ),~er1^L  photographs.  Night  photographs  and  areas  of  little 

photographs  and  images  determined  by  various 
mnditions  The  modification  of  system  .outputs  by  the  atmosphere 

nualitv  S  °f  7 ’  °Ud  c°nditions  and  target  distance  affect  the  image 

?.  y‘  Experience  with  the  particular  infrared  device  under  its  opera¬ 
ting  conditions  would  provide  the  basis  for  training  in  interpretation. 

8.  4„  1  Photographs  from  IR  Systems 

strate  IR  Systems  for  training  purposes  would  demon- 

The  Iffpr-tt  ^  tUa  aS  Seen  by  the  hifrared  system  observer. 
Jnnrn/  °*  magG  qUahty  by  the  at®osphere,  the  time  of  day,  cloud 
oiditions  and  target  distance  must  be  learned.  The  effects  may  differ 

would  DntLgreteS  between  equipments.  A  library  for  each  equipment  . 
ln  1  p  0VlCie  a  training  aid.  Film  may  be  projected  for  viewing  by 

x-rge  groups.  Figure  66  snows  two  typical  photographs  taken  with  7 
IR  viewing  systems  under  various  conditions.  As  determined  by  the 
lermal  characteristics  of  the  scene,  and  spectral  response  of  the 
viewing  system,  the  viewed  scene  may  be  of  high  photographic  Quality 
witi  a  great  deal  of  detail  for  information  extraction  regarding  targets 
ana  background  or  have  only  hot  bodies  visible  with  their  backgrounds 
not  available.  Both  photographs  contain  information  of  value  within 
their  application. 

8.  4.  2  Locally  Heated  Models 

In  another  method  for  training  in  interpretation  of  displays  from 
systems  such  as  image  dissectors,  image  tubes,  and  television,  models 

to  Drodi^eSt|eneS  t!mt  l0CaUy  heatGd  may  be  built  0bjects  heated 
o  produce  thermal  images  may  be  placed  in  the  model,  and  the  scene 

a 'box  thatr  has  o SyStem'  The  m°del  may  be  enclosed  ia 
a  box  that  has  openings  for  several  types  of  imaging  devices.  The 

thei  mal  characteristics  of  the  models  may  be  varied  from  a  control 

panel,  and  a  number  of  atmospheric  conditions  may  be  simulated  by 

owing  vapors  and  aerosol  particles  of  various  sizes  and  composi- 

on  over  the  scene.  Atmospheric  turbulance  may  also  be  simulated 
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Altitude  -  3000  feet 
V-/H  -  5°/Sec. . 


Ground  Speed  -  180  mph 
Weather  -  Clear 


Figure  66  -  Republic  Aviation  Corporation 
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by  the  proper  application  of  blowers.  The  terrain  model  may  be  made 
from  a  master  plaster  cast  of  the  scene.  The  thermal  characteristics 
would  be  simulated  by  local  heating  using  resistance  elements  and  the 
reflectivity  of  the  various  areas  being  viewed  would  be  simulated  by 
the  application  of  properly  selected  paints.  Figure  67  shows  a  cut-, 
away  view  of  a  typical  model  and  its  enclosure  with  the  various  control 
devices  that  may  be  used  either  individually  or  simultaneously  for 
viewing. 

In  order  to  make  the  simulator  usable  by  large  groups,  a  closed 
loop  television  display  of  the  image  read-out  may  be  used  with  an  ade¬ 
quate  number  of  kinescope  displays  to  accommodate  the  group. 


8.  4.  3  Painted  Models 


Simulated  infrared  trainers  for  imaging  systems  may  be  made 
to  operate  using  visible  light.  Models  that  are  illuminated  by  visible 
light  but  painted  to  appear  like  infrared  images  when  viewed  would  be 
used.  The  models  would  be  made  of  pressed  material  in  a  suitable 
mold  and  painted  to  simulate  the  thermal  scene.  In  order  to  simulate 
different  conditions,  the  color  and  intensity  of  light  could  be  varied 
by  filters  and  atmospheric  conditions  could  be  varied  by  vapors  and 
aerosols.  The  models  would  use  paints  that  are  best  suited  to  simulate 
background  and  target  characteristics.  The  viewing  devices  would  be 
visual  optical  systems,  image  tubes,  and  television.  The  configura-- 
tion  used  with  locally  heated  models  would  also  be  applicable  to  painted 
models.  The  container  for  the  models,  the  read-out  devices,  and  the 
control  devices,  may  be  housed  in  a  trailer  for  portability,  or  set  up 
in  a  more  permanent  facility. 

8.  4.  4  Touched -Up  Photographs 

Direct  photographs  made  under  visible  conditions  maybe 
touched -up  to  appear  like  infrared  images.  The  photographs  would  be 
taken  under  conditions  conducive  to  good  photography  which  is  generally 
less  costly  than  direct  infrared  image  generation.  Touch-up  may  be 
performed  by  hand  and  the  resulting  reproduced  photograph  would  have 
all  of  the  characteristics  required  for  training.  A  method  has  been 
developed  for  producing  a  simulated  IR  photograph  from  a  visible 
light  photograph.  Originally  intended  for  briefing  of  air  crews  before 
a  mission,  this  method  provides  a  means  of  creating  IR  photographs 
for  training  purposes  (  Ref.  63). 


A  visible -light  photograph  of  an  area  is  touched -up  witli  several 
different  colors  of  specially  compounded  paints  in  accordance  with  the 
expected  thermal  radiation.  The  touched -up  photograph  is  illuminated 
with  colored  lights.  The  colored  lights  serve  to  simulate  various 
ambient  conditions  and  can  demonstrate  such  effects  as  intensity  varia¬ 
tions  between  target  and  background,  and  variations  between  the  several 
components  of  the  background.  Photographs  are  made  under  the  afore¬ 
mentioned  conditions  in  black  and  white  and  appear  as  IR  photographs 
that  may  be  presented  to  air  crews  as  representative  of  the  target’s  IR 

pnuirnnpiDnf 


8.  4.  5  Electronically  Simulated  Oscilloscope  Displays 

Electronically  simulated  oscilloscope  displays  may  be  used 
for  training  in  infrared  interpretation  of  objects  where  complex  signals 
do  not  exist.  The  displays  may  be  written  on  the  face  of  a  cathode  ray 
tube  that  has  a  raster  or  circular  sweep  pattern.  The  appearance  of 
typical  trucks,  missiles,  aircraft,  personnel,  and  other  isolated 
military  targets  may  be  simulated  by  electronic  signal  generators. 
Background  signals  are  too  complex  to  be  generated  electronically. 

8.  4.  6  Taped  IR 

Video  tape  with  infrared  image  information  may  be  used  to 
generate  television  pictures  of  the  information.  The  bandwidth  required 
for  infrared  images  is  simitar  to  the  bandwidth  needed  for  visible 
pictures  obtained  with  tape  and  should  not  present  any  problems  not 
presently  existing  in  the  making  of  video  tape.  In  fact,  some  IR 
systems  have  bandwidths  narrow  enough  to  permit  the  use  of  audio 
frequency  tape  recorders. 

8.  5  Comparison  of  Simulation  Methods 

Table  XI  tabulates  the  advantages  and  disadvantages  of  the 
training  aids  discussed  in  this  section.  Photographs,  either  direct 
IR  or  touched -up  visible,  are  simple  to  make,  easily  reproduced,  and 
can  provide  many  training  conditions  from  a  compiled  library.  The 
image  quality  of  photographs  is  very  good,  and  they  may  be  handled  and 
stored  easily  without  deterioration.  Photographs  do  not  offer  training 
for  khe  operation  of  the  equipment  and  their  use  is  limited  to  photo¬ 
interpretation. 


The  use  of  models,  either  locally  heated  or  painted,  offers  a 
versatile  means  of  simulation  of  infrared  instruments  and  the' environ¬ 
ments  that  they  would  be  expected  to  operate  in.  The  models  may  be 
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scanned  by  the  entire  gamut  of  infrared  viewing  devices  and  their 
associated  read-outs  in  a  suitably  synthesized  simulation  configura-  0 

tion.  The  read-outs  would  be  readily  adaptable  to  group  viewing. 

Non -programmed  training  may  be  used  with  this  method,  making 
available  to  the  instructor  a  wide  assortment  of  training  situations 
that  are  not  anticipated  by  the  student. 


Electronic  methods  are  limited  in  use  owing  to  the  complexity 
in  generating  the  high  information  content  of  many  infrared  instruments. 

i  eo  -ape  is  the  most  promising  technique  for.  image  simulation  but 
is  comparatively  costly  and  complex  if  high  frequencies  are  used*. 

Video  tape  does  not  allow  direct  experience  with  the  scanning  instru¬ 
ment  being  simulated  but  does  allow  direct  experience  with  all  read¬ 
out  controls. 
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T-^±E  ^Comparison  of  IR  Simulation  Methods 
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9.  COMPARISON  OF  IR  AND  OTHER  TRAINING  TECHNIQUES 


Surveillance  of  tactical,  strategic,  and  logistic  areas  during  day 
and  night  and  under  all  weather  conditions  is  a  capability  of  great  mili¬ 
tary  importance.  A  number  of  techniques  have  been  used  to  achieve  the 
capability  with  varying  proficiencies.  The  techniques  include  the  use  of 
infrared  systems,  visible  light  systems  (photographic,  optical,  tele¬ 
vision,  and  visible  image  dissectors),  and  radar  systems.  Surveillance 
systems  are  used  also  for  reconnaissance  and  mapping.  The  informa- 
ion  derived  from  these  systems  may  be  employed  as  an  aid  in  making 
military  decisions,  evaluation  of  maneuvers,  and  the  establishment 
o  an  information  bank  as  an  aid  in  decision  making  and  in  training.  The 
data  from  these  systems  are  presented  in  the  form  of  images  that  con- 
tain  large  quantities  of  information.  The  extent  of  the  information  avail¬ 
able  from  the  images  is  determined  by  the  capabilities  of  the  user:  either 
human,  machine,  or  a  combination  of  both. 


^  Performance  of  Surveillance  Systems 


The  effectiveness  of  surveillance  systems  may  be  based  on  a 
number  of  criteria  pertinent  to  their  application.  In  battlefield  sur¬ 
veillance,  the  information  requirements  are,  in  general,  determined 
by  tie  weapons  and  typical  missions  of  the  unit.  The  essential  informa¬ 
tion  pertains  to  the  enemy,  the  terrain,  and  the  weather.  The  ability 
oi  the  system  to  provide  the  necessary  information  with  a  minimum  of  ' 
equipment,  ease  of  interpretation,  and  timeliness  of  the  information 
are  factors  in  the  evaluation  of  the  system.  The  ability  of  the  adver¬ 
sary  to  influence  the  operation  of  the  system  must  also  be  considered. 
Table  XII  is  a  compilation  of  representative  surveillance  systems  and 
their  performance  capabilities. 


The  natural  tools  of  military  men  for  acquiring  information  vo- 
garding  the  enemy  have  become  less  and  less  adequate  as  the  com¬ 
plexity  of  warfare  has  increased  through  the  years.  In  order  to  be 
effective  in  this  complex  environment,  there  is  an  increasing  need  for 
lapid  and  continuous  surveillance.  The  necessity  to  train  military  men 

m  the  use  of  surveillance  instruments  appears  to  have  a  place  in  military 
training  programs.  J 


The  diverse  requirements  of  surveillance  systems  may  be  ex¬ 
amined  more  readily  in  groups  of  ground  based  and  airborne  systems. 
Li  both  groups,  formation  of  images  of  ground  areas  is  of  primary 
importance.  J 
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TABLE  XII  -  Comparison  of  IR  arid  Ot.he: 


,  r 

lomparison  of  IR  and  Other  Training  Techniques 
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TABLE  XII  -  Comparison  of  IR  and  Ot 


J  Infrared 

r~ 

■ 

Performance  Factor 

Image  Dissector 

Image  Tube 

Photographic 

. 

Can  it  be  jammed 

Very  low 

Very  low 

Very  low 

Very 

probability 

probability 

probability 

prob: 

Can  it  be  deceived 

Yes 

Yes 

Yes 

Yes 

Can  it  see  through 
camouflage 

Yes 

Yes 

No 

No 

Acoustic  Noise 

Slight 

Low 

Low 

Sligh 

Size 

Moderate 

Small 

Small 

Mode 

Weight 

Moderate 

Low 

Low 

Mode 

Power 

Moderate 

Low 

Very  Low 

Mode 

Information 

Capacity 

High 

High 

High 

High 

Information 

Timeliness 

Immediate 

Immediate 

Slight  delay 

Imm( 

Communications 

Capability 


Yes 


Require 

Auxiliary 

Equipment 


Require 

Auxiliary 

Equipment 


Yes 


tographic 

TV 

Image  Dissector 

Image  Tube 

Radar 

v  low 

Very  low 

Very  low 

Very  low 

Yes 

ability 

probability 

probability 

probability 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

No 

f 

Slight 

Slight 

Low 

Moderate 

ill 

Moderate 

Moderate 

Small 

Large 

1 

Moderate 

Moderate 

Low 

High 

y  Low 

Moderate 

Moderate 

Low 

High 

1 

High 

High 

High 

High 

ht  delay 

Immediate 

Immediate 

Immediate 

Immediate 

uire 

Yes 

Yes 

Require 

Yes 

iliary 

ipment 

Auxiliary 

"  r  fAU  the  systems  bein8  compared  are  effectively  confined  to 
fme  of  sight  situations.  Ground  surveillance  is,  therefore,  limited  by 
external  conditions.  When  targets  to  be  observed  are  shadowed  it  be¬ 
comes  necessary  to  carry  the  system  within  sensing  range  of  the  target 
n  modern  warfare  the  operational  field  is  extensive,  and  further  require- 
nts  for  communication  of  data,  navigation,  and  position  finding  are 
imposed  on  the  system.  Distant  targets  are,  in  general,  observed  by 
anboine  surveillance  systems.  y 

H  ,  T1le  S.electlon  oi  a  system  for  use  in  a  given  surveillance  situa- 
l.Oh  i  or  uaimng  woula  involve  consideration  of  the  performance  factors 
peculiar  to  the  system. 

9-  1  Advantages  and  Disadvantages  of  Performance 

.  The  p  erformance  of  surveillance  systems  may  be  evaluated -from 
-  cL-nu.uiuer  of  factors.  The  weighting  values  of  these  factors  varies  with 
the  use  of  the  system  and  would,  therefore,  be  considered  only  for  a 
given  application.  The  ability  to  operate  without  radiating  energy  that 
may  be  detected  by  the  enemy  is  very  desirable.  Passive  operation 
would  forestall  enemy  countermeasures,  direct  attack,  or  a  change 
m  his  plans  if  he  were  aware  that  he  was  being  observed.  In  the  case  of 
ground  systems  where  the  enemy  is  close,  acoustical  noise  is  also  a 
iactor.  Infrared  systems  can  be  designed  to  operate  day  and  night 
passively  while  visible  systems  are  confined  to  daylight  conditions  for 
passive  operation.  Radar  performs  during  day  and  night,  but  does  not 
ave  the  capability  to  operate  without  radiating  and  is  susceptible  to 
enemy  detection  and  countermeasures.  For  training  however  active 

systems  do  have  definite  value  as  security  requirements  are  not  as 
strict. 


.  .  r  It  /-s  .  ,  f 
V./  X  1 1  U  W 


9.  1.  2  Weather  Capability 

The  ability  to  operate  all  weather  is  effectively  a  measure  oi 
far  into  adverse  weather  one  may  operate.  The  factors  of  adverse 
weather  are  haze,  fog,  rain,  and  snow.  The  variations  within  these 
factors  are  broad.  Visible  light  systems  cannot  see  through  compara¬ 
tively  light  haze,  fog,  rain,  and  snow  conditions  and  are  the  first  to 
become  ineffective  due  to  weather.  Infrared  systems  can  penetrate 
naze,  log  ram,  and  snow  of  greater  density  and  particle  size  with  the 
longer  infrared  wavelengths  more  effective  as  the  particle  size  and 
ensity  increases.  Radar  shows  better  weather  capability  than  infrared 
,  ^  resolution.  V-band  radar,  however,  cannot  penetrate  clouds  and 
fog  Ox  significantly  greater  particle  size  and  density  than  far  infrared. 
Pulsed-IR  viewing  systems  might  have  value  under  adverse  weather 
conditions  as  a  surveillance  training  aid. 
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9.  1.  3  Image  Comparisons 


Vide  resolution  capability  exceeding  that of  !  T  generally  pro- 
woutd  not  be  considered 

fl.lm  ,  Phot°graphic  images  are  limited  by  the  film  grain  size  The 
^  >“  to  the  ^  • 

b  bamermb  capability,  and  the  resolution  required. 

f  ^n;a§’e  dissectors,  either  infrared  or  visible  reach  fhpir  vocni 

tioi)  limit  where  the  incoming  energy  generates  a  siln  .i  H  f  fln~ 
overcome  detector  nni^P  generates  a  signal  that  cannot 

-md  dPtpnf  01  noise-  T]  e  combination  of  optical  light  gathering 
and  detector  noise  parameters  must  be  considered.  8  g 

„  hh,e  fact0rs  that  limit  television  systems  are  the  target  — h 
bandwidth?  tUbG’  ““  kinesC0Pe  s‘»‘  si“’  “,d  «ie  brnsZtion 

’^t^^xsssssssssr 

9-  1-  4  Communication  Capability 

«  «S- p~5c£  «  :z;  ;i“x' ” » -»• 

sctiszs  ssxzxrjz ssSSST * 

and  viewing  is  not  significant  thp  !  h.  delay  D6LWeen  surveillance 
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capability  of  the  radio  link.  The  other  systems,  producing  images  by 
electronic  means,  have  an  inherent  capability  for  transmitting  this 
information  over  radio  link. 


S.  2  Economic  Consideration 
9-  1  Surveillance  Training  Aids 


A  suitable  surveillance  system  to  aid  in  the  evaluation  of  training 
maneuvers  during  day  and  night  conditions  would  be  confined  to  infrared 
u,  ranar.  Raaar  systems  are  significantly  costlier  than  comparable 
infrared  systems.  The  additional  requirements  of  an  antenna,  a  trans¬ 
mitter  and  the  larger  transportation  facilities  make  up  the  difference 

m  cos  n  general,  infrared  circuitry  is  less  complex  than  radar  and 
would  be  less  costly  to  develop. 

9.  2.  2  Simulation  Training  Aids 


Training  aids  in  the  operation  of  radar  and  infrared  using  simu- 
lation  are  comparable  in  cost.  The  simulation  techniques  of  terrain 
an.  target  for  both  systems  involve  the  use  of  models.  Infrared  models 
may  ei  her  be  painted  or  heated  and  would  provide  greater  flexibility  in 
use.  Non -programmed  training  sessions  may  be  employed.  Direct 
infrared  viewing  may  be  employed  with  heated  models,  offering  realism 
in  framing  not  available  with  radar  simulators.  Due  to  the  different 
in  or  mat  ion  content,  IR  simulators  would  not  generally  be  interchange¬ 
able  with  radar  trainers. 


9.  3  Physical  Considerations 
9.  3.  1  Mobility 


. '  infrared,  visible,  and  radar  systems  is  a  function 

of  their  size  and  weight.  All  of  the  systems  being  considered. are 
mon  e.  n  order  of  ease  of  mobility,  they  are:  photographic,  image 
ube,  television,  infrared  and  visible  image  dissectors,  and  radar. 
Operation  of  all  of  the  systems  in  motion  requires  that  they  be  vibra¬ 
tion  free  and  the  effects  of  image  motion  removed.  A  gyroscopic  ref¬ 
erence  system  may  be  used  for  stabilization  and  a  velocity  over  altitude 
conec  ion  applied  to  both  frame  and  line  scanning  systems.  Mobility 

of  surveillance  training  aids  is  more  necessary  than  for  simulation 
training  aids. 
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9-3.2  Relative  Complexity 

aSpS^&BHsSrSr 

on  are  s°  diverse,  the  system,  wtiLbe  compared  in  a  broad  sense 
latner  than  in  a  specific  application.  Radar  is  the  most  complex  in ’ 

Radar  ^  ^  n™ber  of  components,  stabilization,  and  maintenance 
The  relatWel1  h1VenSyStem  a'ld  requires  a  source  of  radiant  energy  ' 

lotr  system  reliahi>itrSy  “  .radar  Systems  resulted 

SSSZSS ■—  is 

9.  3.  o  Size,  Weight  and  Power  Comparison 

p-red  oi’am  tea"d  ^elght]°f  the  ^sterns  being  discussed  can  be  corn¬ 
ered  on  the  basis  oi  equal  image  production  capability  The  laree 

size  of  radar  antennas  for  the  formation  of  beamwidths  narrow  enouirh 

szttsssr  T“"c’  “■»«”»”  ssssr* 

imposes  the  limit  on  antenna  size  reduction.  These  factors  make  radar 

Weight’  and  P°wer  than  amnparaWe 

s.  3.  4  Mechanical  vs.  Electronic  Scanning 

Mechanical  scanning  requires  the  use  of  high-speed  movine  parts 
and  an  accurately  aligned  integral  optical  system  The  scanner  must  be 
s  atically  and  dynamically  balanced  and  operated  in  a  suitably  clean 
environment.  Electronic  scanning  does  not  involve  moving  parts  Th= 
scanning  process  may  be  carried  out  in  much  shorter  periods  of 
n  can  be  used  as  either  line  or  frame  scanners.  Electronic  scanners 
aie  compact  and  do  not  require  large  amounts  of  power.  The  electronic 
ewmg  devices  such  as  the  image  orthicon  and  other  image  tubes 
however  are  relatively  complex.  Direct  comparison  between  electronic 

plication  only  Sl’°Uld  be  “ade  °"  the  basls  of  a  specific  ap- 
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10. 


^clusions^ndjecommendations 


10.  1  Conclusions 

conclusions:  ma'10n  pl  esented  111  tll]s  report  leads  to  the  following 

hv  n,-I  l"lrared  techniques  have  definite  »ir  ....  .... 

oy  providing  information  available  bv~nn lu  “le  ‘unitary  services 
training-  in  all  phases  of  infrared  ten  ,  ‘  metl’ods.  Therefore, 
military  training  programs  ‘ecology  appears  to  have  a  place  in 

application  is  teas ibi in  The  f S  ^  surveillance  as  a.  training 

passive  and  active  systems  ushm  tele  °Ut  *°  2  micr™s  with 

viewing  conditions.  The  imaees  dhfi  te<?h,,i(Jues  under  night 
similar  to  visible  light  image  systemTsplays^  ^  C°nditi°nS  are 

forming  tecln^l'sV image- 

shadings  and  contours.  °  J6C  s  aie  displayed  with  unfamiliar 

'  of  suitable  ffi  sourceraUhoughtoTrobLmTs  tder  bwesSm  *"* 

for  trainin'g  to  a  need 

of  obiects  as  displayed  by  the  longed  wavett^M^^ 

on  the  time'o'fVay^teS  dependlng 

power  on  or  off. )  These  varintin  '  a] ,  °Peiational  status  (i.  e. 

dime  a  need  for  an  infrared  sinndatortl ltl0n  to  Sec-  10-  1-  5,  intro- 

all  conditions,  and  from  instruments  f  slmulate  images  under 
regions.  mstiuments  operating  in  different  infrared 

10  J  rj 

television-techniques  are  feAsiW^^d8  that  l0W  “tensity  visible  light 
for  training  application^  The  i  >  practical  means  of  surveillance 
to  take  advantage  of  the  iimited^ea^T  °f  i°W  hght  level  TV  appear 
sensor  for  viewing  under  haze  or  lightnfogrconcHtions.Vlty  “  0,6 
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10.  2  Recommendations 

datio„faredm01iie:e  "h0"6  COnClusions’  Ule  recomman- 

10  2.  1  The  techniques  and  components  of  low  light  level  and  infrared 
-elevision  should  be  further  explored  with  the  view  of  developing  passive 
and/or  active  infrared  equipment  for  each  training  application;  for 

operations^ 16  ^  observation  of  *oop  maneuvers  or  amphibious 

10.  2.2  The  techniques  and  components  of  passive  infrared  image- 
oi  nnng  systems  operating  in  the  longer  wavelengths  should  be  further 
explored  with  the  view  of  developing  an  instrument  for  training  personnel 
the  identification,  interpretation,  location,  and  detection  of  objects 
as  well  as  for  the  uses  fisted  under  10.  2.  1.  J 

10.  2.  3  A  study  program  to  investigate,  compile,  and  catalog  infrared 
images  of  military  targets,  personnel,  vehicles,  ships,  aircraft 

IUs^onsilred  pTh  COmf  rab3f.  visual  imaSes  is  highly  recommended. 
It  is  consideied  that  this  information  is  necessary  if  any  comprehensive 

simulation  program  for  training  purposes  is  to  be  effective. 
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11. 


CONCLUDING  SUMMARY 


undertakeimmcte^ the^cognizamfe^of  ^ Y|enS^ve  ^'°^ram  bas  been 

sr  ±r  rr  “  SKKtns^isar* 

2KS“H5S=^‘”=--= 

have  been  innhfded  “  “  raas“a  ^  absorption  regions 

detectors'  properties  tte  “l  auamou  t0  a  review  of  dermal 

sasaaesss^HSSSr 

television  vn  1  ^  ,  ec  lniques  and  components  of  low  light  level 

been  predated  wmfe”6' 1  S  °f,diSplay  of  ^ared  information  have 
surveillance  as  a  tralS^^te^°"“f^e|diS.^B.usefal  f°r 
identification,  location,  and detection  of liects  ‘  T?  11  interpretatiol>. 
methods,  optical-mechanical  and  electronic  as  well  „ummary  °*  scanilihg 
system  techniques  and  components  have  be^  made  *  ‘'eVieW  °f 

from^erte^Se  r  been  COVered 

Based  on  the  information  presented  in  fho  pc- 

V500;to  lfooViTgCLmoemnun«s.infrared  f°rminS  ln  ^  -nge  »p 


b. 


As  a  means  of  infrared  information  distribution  and  display. 


applications  “tatw  y,mbie  *****  *****  **■*«  in  those 

visible  light  are  a  S  g  ^  la*  ***«*>*  *****  of 

Wd  mi*  “  —  -*  for 

each  of  the  training  applications  considered  8  eqmpiaent  for 
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For  the  convenience  of  the  reader,  the  following  bibliography 
is  offered  as  additional  sources  of  information  on  .Vrared  Technology- 

Brown,  C.  R.  et  al,  "Infrared:  A  Bibliography".  Library  of  Congress. 
Washington,  D.  C. ;  1954 

Strong,  J. ,  "Concepts  of  Classical  Optics",  San  Francisco:  W.  H. 

Freeman  and  Company,  1958 

Moss,  T.  S. ,  "Optical  Properties  of  Semiconductors",  New  York: 

Academic'  Press,  Inc. ,  1.959 

Sanderson,  J.A.,  "Emission  and  Detection  of  the  Infrared"  from 

"Guidance"  Chap.  5,  Locke,  A.  S. ,  ed. ,  D.  Van  Nostrand 
and  Company,  New  York,  1955 

Wolfe,  H.  C. ,  ed.  "Temperature  -  Its  Measurement  and  Control  in 
Science  and  Industry"  II,  New  York:  Reinhoid  Publishing 
Co.,  1955 

Yates,  H. ,  Atmospheric  transmission  curves,  presented  in  a  paper  at 
a  joint  IRIS-IRMP,  1958  meeting.  To  be  published. 

White,  C.S. ,  "Physics  and  Medicine  of  the  Upper  Atmosphere", 

Albuquerque,  N.  M.  :  University  of  New  Mexico  Press,  1952 

Cussen,  A.  J. ,  ed.  Series  of  papers  on  the  Properties  of  Photoconductive 
Detectors;  Naval  Ordnance  Laboratory,  Corona,  Calif. 

In  addition  to  the  books  and  articles  mentioned  above,  a  number 
of  different  agencies  have  been  charged  with  the  responsibility  of  dis¬ 
seminating  information  about  the  infrared  technology.  These  include  ASTIA, 
the  Armed  Services  Technical  Information  Agency;  IRIS,  the  Infrared  In¬ 
formation  Symposia;  and  IRIA,  the  Infrared  Information  and  Analysis 
Center.  All  of  these  agencies  must  conform  to  the  security  regulations 
of  the  Military  Services  in  providing  service  to  users. 


209 


APPENDIX 


o  >, 

rQ 


Ph  T3  Ph  (5 


210 


Radiation  Equations  and  Constants 


w,  =  Si.  X  AT  j.,  i-i 

A  5  ~c -  Rayleigh  -  Jean's  Law 

A  2 

Ci  * 

W.  = _ L  v  1 

A  ^5  exp  (C2/AT)"  Wien’s  Law 
W.  =  — 1  v  1 

A  -5  exp(C9/AT)  -l  Planck’s  Law 

A 

A  =  2897. 9 

m  ^  microns 

w  -  (TT4  watts/cm2 

WA  =  e  WA  (blackbody)  Kirchoff’s  Law 
C^  =  3,,  7403  x  104  watts/cm2/rnicron 
^2  -  1.  438  micron-degree 

(7  =  5.  668  x  10  l2  watt/cm2/deg. 
e  =  Emissivity 


O'  =  Absorptivity 


__TE  MP  ERATURES 
(at  14.  7  psi) 


Liquid  Nitrogen 

-195.  8°C 

77.  38°K 

Liquid  Oxygen 

-182.  86°C 

90.  32°K 

Liquid  Helium 

-268.  9°C 

4.  28°K 

Liquid  Hydrogen 

-252..  8°C 

20.  38°K 

Liquid  Air 

-192°C 

81.  18°K 

Absolute  Zero 

-273.  180C 

0°K 

Dry  Ice 
(Solid  CO2) 

-78.  50°C 

194.  68°K 

CO  co 
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Fort  Ord,  California,  MKD ;  NAVTRADEVCEN  Liaison  Rep. 

Library,  U,  S.  Military  Academy,  West  Point,  New  York 
Army  Signal  School  Library,  Fort  Monmouth,  New  Jersey 
U.  S.  Army  Signal^Corps,  R  &  D  Laboratory,  Fort  Monmouth,  New  Jersey, 

co^ndi„giOffic£  E„gl„.eUng  Research  A  Development  Lab.,  Tort  Belvolr, 

M1Ut“2  ““"“P0"  Sectlon’  Technical  Information  and  Intelligence  Office 
DCS /Operations ,  Arnold  Engineering  Development  Center,  Tnflahom. 

Tennessee  ’  » 

Indus  tria  L^Co  llage^of  thetaed  forces,  Port  Lesley  J.  McNair,  Washington 

U.  S.  Army  Intelligence  School,  Baltimore,  Maryland,  MKD:  Library 
*  £kD;  Librwy7  AgenCy  Trainln8  Center»  Fort  Devens>  Massachusetts, 

U.  S.  Army  Medical  School,  Fort  Sam  Houston,  Texas,  MICD;  Library 
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Director,  HumRRO ,  P.  0,  Box  3596,  Washington  7,  D.  C.,  MKD:  Library 
Commanding  General,  Quartermaster  Research  &■ Engineering  Command,  U.  S. 

Army,  Natick*,  Massachusetts,  MKD:  Psychology  Branch 

Commanding  Officer,  U.  S.  Army  Ordnance  Human  Engineering  Laboratories, 
Aberdeen  Proving  Ground,  Maryland,  MKD:  Librarian 

Office^of  Chief^of  Engineers,  Department  of  the  Army,  Washington  25,  D.  C., 

Office  of^the  Quartermaster  General,  Department  of  the  Army,  Washington  25, 

°  u“>  MK3:  Military  Training  Division,  Individual  Training  Branch 

Temp  A  Bldg.,  Wing  10 

Consultants  Division,  Prof.  Directorate,  OTSG,  Dept,  of  Amy,  Washington  25, 

DGSOPS ,  OPS  PL  3F-1 ,  Pentagon.  3B-479,  Washington  25,  D.  C. 

Human  Factors  Research  Division,  OCRD,  Dept,  of  Army,  Washington  25,  D.  C. 

Occupational  Research  Group,  R&B  Command,  TAGO,  Dept,  of  Army,  Washington 
25,  D.  C.,  MKD;  AGTP-M 

Operations  Research  Office,  6935  Arlington  Road,  Bethesda,  Maryland 

Commanding  General,  U„  S.  Army  Engr.  Center,  Fort  Belvoir,  Virginia 

Hq,  Medical  Field  Service  School,  Brooke  Army  Medical  Center,  Fort  Sam 
Houston,  Texas,  MKD:  Library 

Deputy  Chief  of  Staff  for  Military  Operations,  Dept,  of  Army,  Pentagon  • 
Washington  25,  D.  C„ 

Commandant,  U.  S.  Army  Aviation  School,  Fort  Rucker,  Alabama 

President,  U.  S.  Army  Aviation  Board,  Fort  Rucker,  Alabama 

Chief  of  Research  &  Development,  Dept,  of  Army,  Pentagon.  Washington  25,  D.  C. 

Commandant,  J.  u.  Army,  Primary  Helicopter  Training  School,  Camp  Walters, 

i*  6  S 

Commanding  General,  Picatlnny  Arsenal, .  Dover,  New  Jersey,  MKD:  Technical 
Information  Section,  0RDBB-VS3 

HumRRO ,  Human  Research  Unit,  P.  0.  Box  787,  Presidio  of  Monterey.  Call^-nia 
MKD:  Library  ’ 

Director  of  Research,  U.  S.  Army  Air  Defense  Human  Research  Unit  Fort 
Bliss,  Texas  * 

U.  S.  Army  Aviation  Human  Research  Unit,  P„  0.  Box  428  Fort  Rucker 
Alabama,  MKD;  Library  5  3 

U.  S.  Army  Infantry  Human  Research  Unit,  P.  0.  Box  2086,  Fort  Bennine 
Georgia,  MKD:  Library  *  3 

U.  S.  Army  Amor  Human  Research  Unit,  Fort  Knox,  Kentucky,  MKD:  Library 

Human  Resources  Research  Office,  P.  0.  Box  3596,  Washington  25  D .  C 
MKD;  Training  Methods  Division 

Commandant,  U„  S.  Army  Transportation  School,  Fort  Eustis  Virginia 
MKD;  Library  3  °  5 

Commandant  U.  S.  Army  Special  Warfare  School,  Fort  Bragg,  North  Carolina, 

MKD:  Secretary  * 

Commanding  Officer ,  U.  S.  Army  Chemical  Corps  Engineering  Command,  Army 
Chemical  Center,  Maryland 

Commanding  General,  U,  S.  Army  Chemical  Corps,  Research  5.  Development 
Command,  Washington  25,  D.  C„ 

Commanding  Officer,  D,  S.  Army  Chemical  Corps,  Training  Command,' Fort 
McClellan,  Alabama  .  * 

Commanding  General,  U.  S.  Army  Signal  Training  Command,  Fort  Monmouth 
New  Jersey  * 

Office^  Department  of  the  Army,  Washington 
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0£f^t.%?Sf  o!!"mkd?£s^:2hq’  °f  the  ««»- 

A1*b“*  ■ 

^Ltton  25,  D.  C.,7S^A^X^Uo”eP"  *  **  A™y> 

nI;fChnlC*1  Llbr*ry>  “hlU  S*"ds  W.«.  R.n8«,  Mew  Mexico 

D  c!1'16*  ChanlCal  0f£lcsr.  Department  o(  the  Amy,  Washington  25, 

Off ice^of^the  Chief  of  Engineers,  Department  of  the  Army,  Washington  25, 

0ftlCeD°fCEh6  Si8"at  °£flCer'  DePartraenc  of  the  Army,  Washington  25, 

Off ice^of  the^Chief  of  Transportation,  Department  of  the  Army,  Washington 

Office^ the  Chief  of  Ordnance,  Department  of  the  Amy,  Washington  25, 

Technica^oenmenta  Uhrary,  Amy  BaiUstic  Missiie  Agency,  Redatone 

“br"y-  Aberdee"  *»*«*  Ground,  Maryland 
Picatinny  Ar.«?T^;,,S^,j:r^“rch  a"d  laboratories, 

AJr^ILsncho'oluh^"!  For^Blisf  “eaaf"  °kW"“ 

Commanding^ Genera i ,  U.  S,  Amy  Training  Center,  Air  Defense,  Fort  Bliss,  ' 
SpUnefieldaA°rat°r,y;,Hhlta  S'"ds  Mlselle  R“8e.  Ne» 

Watertown  A-s™-^”  RP£lnS£ield  Armory,  Springfield,  Massachusetts 

Wate^Uet' llsZll^TT , f°,  '  Watert<"'“  Massachusetts 
T  ,  .  Technical  Laboratory,  Waterviiet,  New  York 

11  Ari2ona0rat0ly’  An*y  Electronic  Tralni-n8  Command,  Fort  Huachuca, 
Technical^Labora tory ,  Quartermaster  Research  and  Engineering,  Natick, 

Technical^Labora  tory^Quarterroaster  Research  and  Engineering  Fleld,  Evaluation 

Array  Armor  School  Library,  Fort  Knox,  Kentucky 

Army  Infantry  School  Library,  Fort  Bennlng,  Georgia 

Army  Audio  School  Library,  Aberdeen  Proving  Grounds  Maryland 

Technical^Library,  U.  S,  Amy  Chemical  Cor'a,  Provi^o^Washington, 

Technical  Library ,  y  S.  Army  Engineering  District,  Omaha,  Corps  of  Engineers 
1709  Jackson  Street,  Omaha,  Nebraska  ^ineers , 

6  AUba™rary’  AOTy  R0Ck“  a,ld  Gulded  Missile  7.  Mudstone  Arsenal, 

Quartermaster  Training  School  Library,  Fort  Lee,  Virginia 
ansportation  Corps  Library,  Transportation  School,  Fort  Eustis,  Virginia 
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Directorate  of  Training,  DCS/F  Headquarters,  U.  S.  Air  Force,  Washington 
25,  D«  C, 

U.  S  o  Air  Force  Office  of  Scientific  Research,  Washington  25,  D,  C. 

MKD:  Technical  Library 

Headquarters,  AFSC,  Andrews  Air  Force  Base,  Washington  25,  D.  C,  MKD: 
Technical  Library 

Wright-Patterson  Technical  Library,  Wright-Patterson  Air  Force  Base,  Ohio 
ir  Force  Institute  of  Technology,  Wright-Patterson  Air  Force  Base,  Ohio 
MKD:  Library  ’ 

ASD  (ASNNT)  Wright-Patterson  AFB,  Ohio 
ASD  (ASBST-5) ,  Wright-Patterson  AFB,  Ohio 

U.  S.  Air  Force,  Command  and  Control  Devel.  Div.,  Bldg,  A,  Stop-  29, 

Bedford,  Massachusetts,  MKD:  Technical  Library 
USAFA  (DLIB) ,  U.  S,  Air  Force  Academy,  Colorado 
Air  University,  Maxwell  Air  Force  Base,  Alabama,  MKD:  Library 

Rome  Air  Development  Center,  Griffiss  Air  Force  Base,  New  York,  MKD:  Techni¬ 
cal  Library 

Aeromedical  Library,  School  of  Aviation  Medicine,  Brooks  Air  Force  Base 
Texas  "5 


Headquarters,  Air  Training  Command,  Randolph  AFB,  Texas,  MKD;  DCS /Flying 
Training  (ATFTM)  '  y  8 

Technical  Library  Branch  (FTOTL) ,  AFFTC,  Edwards  Air  Force  Base,  California 
Headquarters  ATC  (DCS/TT),  Randolph  Air  Force  Base,  Texas,  MKD:  ATTRR-M 
o345th  Technical  School,  Chanute  Air  Force  Base,  Illinois,  MKD;  Instructor 
Training  Branch 

TuC?ni?*J  ?Ch°01’  USAF>  Lowry  Air  Po«e  30,  Colorado,  MKD:  TORF 
3750  Technical  School,  Sheppard  Air  Force  Base,  Texas,  MKD:  School  Opera¬ 
tions  Division  (TOT)  F 

Operations  Analysis,  HQ  Strategic  Air  Command,  Offutt  Air  Force  Base 
Nebraska,  MKD:  OAOC  * 

HQ,  U.  S.  Air  Force  (AFPTR) ,  Washington  25,  D.  C. 

HQ,  U.  S.  Air  Force  (AFPDP-4D) ,  Building  T-8,  Washington  25,  D.  C. 

Human  Factors  Division,  Directorate  of- Research  ’&  Technology,  HQ  U,  S. 

Air  Force,  Washington  25,  D.  C.  * 

HO,  AF^ Systems  Command,  Andrews  Air  Force  Base,  Washington  25,  D,  C.,  MKD; 
SCGB “3 


HQ,  AF  Systems  Command,  Andrews  Air  Force  Base,  Washington  25,  D.  C., 
SCR  * 


MKD: 


Behavioral  Sciences  Division,  AF  Office  of  Scientific  Research,  Washington 

«  J  O  Vo 

Operational  Applications  Office,  HQ.,  AF  Command  &  Control  Development 

RADO  fRI-smi0c’,;^re“™G'„a'"SCOm  F1'ld’  B'd£ord>  ^*ssachnsetts  MKD:  CORE 
KAUC  (RUSH).  Griffiss  AFB,  New  York 

Aeromedical  Field  Lab,  Holloman  Air  Force  Base,  New  Mexico,  MKD-  MDWMA 
Library 


HQ,  AFKTC  (MTD) .  Patrick  Air  Force  Base,  Florida 

ASD  (ASNRE),  Wright-Patterson  AFB,  Ohio 

ASD  (ASNNT),  Wright-Patterson  AFB,  Ohio 

ASD  (ASNPRE-3) ,  Wright-Patterson  AFB,  Ohio 

ASD  (ASBS) ,  Wright-Patterson  AFB,  Ohio 

ASD  (ASBSE) ,  Wright-Patterson  AFE,  Ohio 

ASD  (ASBSE-5),  Wright-Patterson  AFB,  Ohio 
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ASD  (ASBST) ,  Wright -Patterson  AFB,  Ohio,  MKD:  Library 
ASD  (ASBST -I) ,  Wright -Patterson, AFB,  Ohio,  MKD:  Chief,  Operator  Training 
Section 


ASD  (ASBST -2),  Wright-Patterson  AFB,  Ohio 

L*b  Library  WAD D .Box  1557,  Lackland  Air  Force  Base,  Texas 

Technical  Library  Branch  (FTOTL) ,  Air  Force  Flight  Test  Center,  Edwards 
Air  Force  Base,  California  ' 

xechnical  Library,  Air  Force  Missile  Development  Center,  Holloman  Air  Force 
Base s  New  Mexico 

Base  Library,  Air  Force  Missile  Test  Center,  Patrick  Air  Force  Base, 

Florida'" . ; .  .  '  ' 

Air  Force  Personnel  &  Training  Research  Center,  Pilot  Training  Research 
Section,  Williams  Air  Force  Base,  Chandler,  Arizona 


GOVERNMENT 


National  Defense  College  «  Canadian  Army,  Staff  College,  Fort  Frontenac 
Kingston,  Ontario,  Canada 

Department  of  Naval  Defense  Library,  Rm.  1082,  "CM  Building,  National 
Defense  Headquarters,  Ottawa,  Ontario,  Canada 
Department  of  Commerce,  Office  of  Technical  Services,  Washington  25,  D.  C= 
Division  of  Public  Documents,  U,  S.  Government  Printing  Office,  Washington 
25,  D„  C.,  MKD:  Library 

Canadian  Joint  Staff,  Defense  Research  Member,  2450  MassT  Avenue,  N.  W. 
Washington  B ,  D.  C. 

Naval  Member,  Canadian  Joint  Staff,  2450  Mass.  Avenue,  N.  W.,  Washington 
8  D„  C„,  MKD:  Staff  Officer  (Training) 

Director,  Acquisition  Division,  Armed  Forces  Medical  Library,  Washington 
25 «  D *  Co 

Armed  Forces  Staff  College,  Norfolk  11,  Virginia,  MKD:  Library 

NASA  Langley  Research  Center,  Langley  Air  Force  Base,  Virginia,  MKD: 

Library 

NASA  American  Research  Center,  Moffet  Field,  California,  MKD:  Library 
NASA  High  Speed  Research  Center;  Edwards  Air  Force  Base,  California 
MKD:  Library 

NASA,  Assistant  Director,  Bio-Technical  Manned  Space  Flight,  1520  "H" 
Street,  N.  W. ,  Washington  25,  D.  C 

Federal  Aviation  Agency,  Bureau  of  Research  and  Development,  Washington 
25,  D„  C.  MKD;  Technical  Library 

Federal  Aviation  Agency,  National  Aviation  Facilities  Experimental  Center. 

Atlantic  City,  New  Jersey,  MKD:  Technical  Library 
Federal  Aviation  Agency,  Aeronautical  Center,  Oklahoma  City,  Oklahoma 
MKD;  Director  of  Training 

Officer-in-Charge,  MDWF  Contract  Supervisory  Staff,  SACLANT  ASW  Reaearch 
Center,  APO  19,  New  York,  New  York 
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CIVILIAN 


National  Science  Foundation,  1520  "H"  Street,  N,  W Washington,  D.  C. 
Massachusetts  Institute  of  Technology,  Cambridge,  Massachusetts, 

ATTN:  Acquisitions  Librarian 

Come  11  Aeronautics 3.  Laboratory,  Inc.,  p.  0.  Box  235,  Buffalo  21,  New  York, 
MKD;  Librarian 

American  Institute  for  Research,  410  Amberson  Avenue,  Pittsburgh  32 
Pennsylvania,  MKD:  Library 

Brookhaven  National  Laboratory,  Attention:  Research  Library,  Upton,  Long  . 
Island,  New  York 

Brown  University,  Providence  12,  Rhode  Island,  MKD:  Library 

Carnegie  Institute  of  Technology,  Schenley  Park,  Pittsburgh  13,  Pfinngviv.ni,, 

MKD:  Technical  Processes  '  . . 

Columbia  University  Libraries,  W.  114th  Street,  New  York  27,  New  York 
MM):  Acquisitions  Librarian 

Cornell  University,  Ithipa,  New  York,  MKD ;  Acquisitions  Librarian 
Franklin  Institute,  Parkway  at  20th  Street,  Philadelphia  3,  Pennsylvania 
MKD:  Acquisitions  Librarian 

Harvard  University,  Cambridge  38,  Massachusetts,  MKD:  Assoc,  Librarian 
for  Resources  &  Acquisitions 

New  York  University  Libraries,  Washington  Square,  New  York,  New  York, 

MKD:  Acquisitions  Librarian 

Pennsylvania  State  University,  Fred  Lewis  Pat  tee  Library,  University 
Park,  Pennsylvania,  MKD:  Acquisitions  Librarian 
University  of  Pennsylvania  Library,  Central  Building,  34th  &  Walnut  Street, 
Philadelphia,  Pennsylvania,  MKD 5  Acquisitions  Librarian 
University  of  Pittsburgh  Library,  Fifth  Avenue,  Pittsburgh  13,  Pennsylvania 
MKD:  Acquisitions  Librarian 

Polytechnic  Institute  of  Brooklyn,  Spicer  Memorial  Library,  333  Jay  Street 
Brooklyn  1,  New  York  MKD :  Librarian  * 

Princeton  University  Library,  Princeton,  New  Jersey,  MKD:  Science  &  Technology 
Renssalaer  Polytechnic  Institute  Library,  110  Eighth  Street,  Troy,  New  York 
MKD:  Librarian 

University  of  Rochester  Library,  River  Campus  Station,  Rochester  20  New 
York,  MKD:  Librarian 

Rutgers  University  Library,  New  Brunswick,  New  Jersey,  MKD:  Government 
Documents 

Yale  University  Library,  120  High  St.  (1603A  Yale  Station),  New  Haven 
Connecticut,  MKD:  Order  Librarian 

California  Institute  of  Technology,  Pasadena,  California,  MKD:  Acquisitions 
Librarian 

Hughes  Aircraft  Co,,  Engineering  Division,  Culver  City,  California 
MKD:  Technical  Staff  ;  ’ 

University  of  California  at  Los  Angeles,  405  IUlgard  Avenue,  Los 
Angeles  24,  California.  MKD:  University  Library 
Scripps  Institution  of  Oceanography,  University  of  California,  8601  La 
Jolla  Shores  Drive,  Box  109,  La  Jolla,  California,  MKD:  Library 


Aeronca  Manufacturing  Corporation,  Aerospace  Division,  P.  Q.  Box  536,, 
Baltimore  3,  Maryland,  MKD:  Library 

iunerican  Machine  6c  Foundry  Company,  Greenwich  Engineering  Division,  11  Bruce 
Place,  Greenwich,  Conn,,  MKD:  Human  Factors  Supervisor,  Technical 
Staff 

Auerbach  Electronics  Corporation,  1634  Arch  Street,  Philadelphia  3,  Pennsyl¬ 
vania,  MKD:  Technical  Librarian 

Bell  Aircraft  Corporation,  P.  0o  Box  1,  Buffalo  5,  New  York,  MKD:  Human 
Factors  Group 

Bell  Telephone  Laboratories,  Inc.,  Whippany  Laboratory,  Technical  Information 
Libraries,  Whippany,  New  Jersey,  MKD:  Technical" Report  Librarian 
Bendix  Systems  Division,  Bendix  Corporation,  Ann  Arbor,  Michigan,  MKD:  Staff 
Consultant  -  Human  Factors  EAGLE  Program  Office 
Courtney  &  Company,  1711  Walnut  Street,  Philadelphia  3,  Pennsylvania, 

MKD:  Library 

Dunlap  &  Associates,  Inc.,  429  Atlantic  Street,  Stamford,  Conn.  MKD:  Library 
Dunlap  6c  Associates,  Inc.,  1532  Third  Street,  Santa  Monica,  California 
The  Franklin  Institute,  Engineering  Psychology  Branch,  Philadelphia  3, 
Pennsylvania 

General  Electric  Company,  One  River  Road,  Schenectady  5-,  New  York,  MKD:  Human 
Factors  Engineering  Dept. 

General  Electric  Company,  3198  Chestnut  Street,  Philadelphia  4,  Pennsylvania, 
MKD:  Library 

Grumman  Aircraft  Engineering  Corporation,  Bethpage,  Long  Island,  New  York, 
MKD:  Engineering  Library,  Plant  5 
HRB -Singer,  Inc.,  Science  Park,  State  College,  Pennsylvania 
University  of  Illinois,  Training  Research  Laboratory,  Urbana,  Illinois, 

MKD:  Dept,  of  Psychology 

State  University  of  Iowa,  Iowa  City,  Iowa,  MKD:  Dept,  of  Psychology 
University  of  Massachusetts,  Amherst,  Massachusetts,  MKD:  Psychology  Depart¬ 
ment 

Minneapolis -Honeywell  Reg.  Company,  Aeronautical  Division,  2600- Ridgway  Road, 
Minneapolis  13,  Minnesota,  MKD:  John  W.  Senders 
Department  of  Psychology,  The  Ohio  State  University,  Columbus  10,  Ohio 
Ohio  State  University  Research  Foundation,  1314  Kinnear  Road,  Columbus  8, 

Ohio,  MKD:  Aviation  Psychology  Lab. 

Psychological  Research  Associates,  Division  of  the  Matrix  Corporation,  Los 
Angeles  Facility,  14827  Ventura  Boulevard,  Sherman  Oaks,  California, 

MKD:  Documents  Control 

Po'jfCnG logical  Research  Associates,  Division  of  the  Matrix  Corporation, 

507  18th  Street  South,  Arlington  2,  Virginia 
The  Rand  Corporation,  1625  Eye  Street,  N.  W„,  Washington  6,  D.  C.,  MKD:  Social 
Sciences  Division 

The  Rand  Corporation,  1700  Main  Street,  Santa  Monica,  California 
Richardson,  Bellows,  Henry  &  Co.,  Inc.,  I  West  57th  Street,  New  York,  New 
York 

Ritchie  6c  Associates,  Inc.,  44  South  Ludlow  Street,  Dayton  2,  Ohio 
Chief,  Government  Documents  Department,  Rutgers  University  Library,  New 
Brunswick,  New  Jersey 

Human  Factors  Section,  Sperry  Gyroscope  Company,  Great  Neck,  Long  Island, 

New  York'  . . 

Aviation  Psychology  Laboratory,  University  of  Illinois  Airport,  Savoy, 

Illinois,  MKD:  Laboratory  Director 
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EleCtrMmET  ComPany>  Division  of  General  Dynamics,  Groton,  Connecticut, 
MED:  Human  Factors  Section 

John  Hopkins  University  3U5  St.  Paul  Street,  Baltimore  2,  Maryland, 

MKD:  Psychological  Laboratory 

Institute  of  Aeronautical  Sciences  Library,  2  East  64th  Street,  New  York 
New  York  ’ 

Man  Machine  Information  Center,  2521  Connecticut  Avenue,  N.  W.,  Washington 

O  )  ‘U  o  Ll  « 

Society  of  Automotive  Engineers,  Inc , ,  485  Lexington  Avenue,  New' York  17 
New  iotk,  ATTN:  (SAE  Committee  GSE-3) 

IeCl“ti  Dia»nd  a“d  Laboratories,  Conn.  Avenue  and  North  Van 

Ness  Street,  Washington,  D.  C. 


Reproduction  of  this  publication 
in  whole  or  in  part  is  permitted 
for  any  purpose  of  the  United 
States  Government 
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